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Abstract
This thesis is divided into four parts. In the first 
part, the history of chromatography is described. Different 
modes of chromatography are briefly discussed and a survey 
of stationary phases being used in High Performance Liquid 
Chromatography (HPLC) is made. The need for a non-polar 
reversed-phase stationary phase is highlighted. A brief 
survey of the use of carbon by other workers in liquid 
chromatography is also made.
The second part of the thesis deals with the production 
and structural study of porous graphitic carbon (PGC). The 
different stages of production of PGC are discussed. Pore 
volume and surface area studies on PGC have also been made. 
A detailed structural study of PGC has been presented.
The third part of the thesis deals with the literature 
survey of the formation of surface complexes on carbon and 
the gas reactions of carbon, an understanding of which was 
necessary for the production and control of the final 
quality of PGC.
The fourth part of the thesis deals with the use of PGC 
in HPLC. A packing method for PGC has been investigated. 
Different batches of PGC's produced have been tested 
with standard test solutes. A separation of a wide variety 
of solutes, including polymethylphenols, polymethylbenzenes, 
alkylbenzenes, bases, acids, polyaromatic hydrocarbons, phenyl 
ketones and phthalates on PGC have been achieved. Analgesics 
can also be separated. Solvent strengths on PGC has been 
investigated using different solvents and different solutes.
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Liquid chromatography represents an important branch 
of analytical chemistry and is now accepted as a powerful 
and versati le analytical technique. Molnar and Horvath 
noted its popularity to be due to its relative simplicity 
and its high degree of reproducibility. a It is a separa- 
tion technique which involves applying a sample to one end 
of a rigidly held bed of some partitioning material. 
Subsequently a fluid or mobile phase is passed through the 
bed and washes the sample down the column, thereby, brings 
about the separation of the components of the sample. This 
may be explained in terms of thermodynamic and kinetic effects 
as is discussed in detail in chapter 2.
A liquid chromatographic system is composed of the 
following components; a pump which pumps a liquid, generally 
termed mobile phase, through a column packed with a suitable
»
packing material which bears the stationary partitioning 
phase. The sample to be analysed is introduced into the top 
of the column by means of an injection system. A detector 
placed at the end of the column detects different components 
of the sample as they emerge, hopefully separated, from the 
column.
The heart of a liquid chromatographic system is the 
column and the success of a particular analysis depends to a 
great measure on the ability of the column to bring about the 
desired separation. A large number of packing materials 
having a variety of stationary phases are currently being used 
in liquid chromatography and these are discussed in greater 
detail in section 1.4. The particular subject of this thesis
is the development, characterisation and the use of a 
novel form of carbon as a stationary phase in liquid 
chromatography. The use of carbon is not new in liquid
chromatography. Indeed, active carbons had been used for
1 v» 
many years but due to certain undesired properties possessed
by such carbons their use in liquid chromatography has de- 
clined in recent years. Only very recently has the potential 
of carbon again been recognized but now in the form of 
graphitized carbon rather than active carbon. The work to
be described in this thesis follows earlier work by Knox and
2 Gilbert on a form of carbon which they called porous
glassy carbon. Broadly, what has now been achieved as a 
result of the work described below,is a reliable method of 
production of a high grade chromatographic carbon, a com- 
prehensive elucidation of the structure of this material 
and a fairly extensive examination or study of its application 
in modern HPLC. We believe that the work of this thesis 
has opened a new field in liquid chromatography.
1.1 Historical background of Chromatography
The discovery of chromatography is generally accorded 
to Michael Tswett, a Russian botanist and who has become 
known as the father of chromatography because of the crucial 
contributions which he made to both the practice and the 
understanding of this technique. In 1903, Tswett was the 
first scientist to show how components could be separated 
by elution through a column of adsorbent; Tswett separated 
a solution of coloured leaf pigments by passing it through
a column packed with adsorbent chalk particles. He was the 
first to recognize that separation arose because of different 
affinities of substances for the adsorbent with which the 
column was packed. Unfortunately at that time, chemists at
large did not recognize the potential of chromatography and
4 the method was ignored until Kuhn and Lederer in the 1930's
revived the technique to separate carotene isomers. In 1938, 
Reichstein and Van Euw used adsorption chromatography for 
the separation of natural products. In 1940, Wilson put 
forward the first mathematical theory of chromatography. 
He offered a qualitative description of nonequilibrium and 
its importance in chromatography, and related it to longitu- 
dinal band dispersion. He also proposed that peak tailing 
was due to too low rates of adsorption and desorption, and 
that such effects could be reduced by decreasing the rate at 
which liquid flows through the column. The principles 
enunciated by J.N. Wilson are applicable to all forms of 
chromatography.
In 1941, Martin and Synge developed the plate theory 
of chromatography, which was the first theory to describe the 
development of a zone profile under the influence of non- 
equilibrium in the presence of a linear partition isotherm. 
They deduced the rule that the plate height, H, is proportional 
to flow velocity and the square of the particle diameter. 
Non-specific conclusions were reached regarding the variations 
of H with experimental conditions. The well known Gaussian 
profile was first noted by them. They also recognized that 
liquid chromatography could be carried out at high speed. 
They stated that "high performance in liquid chromatography
could be achieved by using very small particles and a high 
pressure difference across the length of the column". 
Unfortunately, the Martin-Synge treatment was largely 
irrelevant to adsorption chromatography as practised in the 
period 1940-1960 since the adsorption isotherms in practical 
separation systems were seriously non-linear and peak dis- 
persion arose much more from this than from non -optimization 
Therefore, during this period theoretical treatments of 
adsorption chromatography were based on the assumed non-
o
linearity of the adsorption isotherm. In 1943,Devault and
9 
Weiss improved on the equilibrium theory originated by
Wilson.
The next great step was the break from restrictions and
10 11 limitations of the nonequilibrium theory. Walter, Sillen
1 2 and Thomas made the contribution to this advancement.
t
ThomasSfirst treatment of nonequilibrium theory appeared in
1944. Thomas introduced a Langmuir mechanism term starting 
with the equation of mass conservation. He obtained equations 
of effluent concentrations as a function of time. He 
considered close-to-equilibrium conditionSwhereby the flow 
rate is slow enough to prevent large departures from equilibrium. 
He also obtained formulae from which the a dsorption and 
desorption rates could be obtained from experimental solute
concentration curves of chromatography.
1 3 In 1947, Boyd, Myers and Adamson described ion-exchange
kinetics in terms of diffusion through a liquid film. They 
were the first to predict zone structure in terms of indepen- 
dent rate and equilibrium constants.
In 1952, Lapidus and Amundson developed a theory which
contained as parameters a mass transfer coefficient and a
longitudinal coefficient. At the same time, James and
1 5 Martin described the first use of gas liquid partition
chromatography. Their analysis of fatty acids by partition 
between nitrogen and silicone oil distributed on a diatoma- 
ceous earth support led to the explosive growth in the 
application of this technique.
The second decade of chromatographic theory (1950-1960) 
involved the development of asy.mptotic theories which evolved 
around the concept that an effective and practical chromato- 
graphic operation requires sufficient running time to obtain 
narrow and well-separated zones. When the time is sufficiently 
long for this, however, the sorption-desorption kinetics are
proceeding with only slight departure from equilibrium. In
1 6 
1955, Giddings and Eyring introduced probability (statistical)
concepts into the description of molecular migration in 
chromatography. The theory was extended to the complex two- 
site adsorption problem, and a simplified expression was shown 
to be valid for one-site adsorption after a sufficient time. 
This approach was the forerunner of the random walk theory of
chromatography, the simplest known chromatographic theory.
1 7 
In 1956, van Deemter, Zuiderweg and Klinkenberg put
forward a theory using the long-time approximation. Zone 
spreading was expressed in terms of the height equivalent to 
a theoretical plate. The most important feature of their 
treatment was to express the HETP as a sum of three terms each 
with a different velocity dependence. The subsequent 
application of the so-called 'van Deemter equation 1 was largely 
responsible for the rapid development of efficient gas
chromatographic techniques.
1 8 Giddings, in 1957, gave an expression in terms of
Gaussian concentration profiles originating from effective 
diffusion process for a simple reversible adsorption-desorp-
tion reaction.
1 9 In 1958, Golay first applied the successful combination
of long but practical time periods and simplicity in the form 
of Gaussian, plate height or effective diffusion concepts to 
a diffusion controlled mechanism - the sorption and desorption 
of a solute with an open capillary column, the wall of which 
was assumed to possess a uniform coating of liquid stationary 
phase.
The development of a generalized non-equilibrium theory
20 of chromatography was started by Giddings in 1959 for the
purpose of calculating the influence of any complex combina- 
tion of sorption and desorption steps, whether controlled by 
diffusion or single step reactions. This theory was sub- 
sequently elaborated and is fully described in Giddings 1
21 "Dynamics of Chromatography".
1.2 Basic Concepts and Definitions
1.2.1 Basic Concepts
To illustrate the chromatographic process Snyder and
22Kirkland considered a hypothetical separation of a three- 
component mixture in an LC column.
Figure 1.2.1 shows such a hypothetical situation. The three 
compounds A, B and C were considered, and are represented by
BASIC CONCEPTS




FIG.1.2-1 : HYPOTHETICAL SEPARATION
OF A 3-COMPONENT 
SAMPLE; v COMPOUND A
• COMPOUND B 
o COMPOUND C
(from ref. 21)
triangles (A), squares (B), and circles (C). The following 
four successive stages of the separation are illustrated.
(i) Application of a sample containing compounds A, B and C 
to the top of the column under static conditions (no flow of 
eluent).
(ii) The solvent or mobile phase begins to flow down the 
column and, in doing so, begins to affect a partial separation 
of compounds A, B and C.
(iii) Greater separation of compounds A, B and C is seen as 
the mobile phase moves farther down the column. 
(iv) The chromatographic separation is essentially complete 
with A, B and C being depicted by three well separated bands 
moving down the column. At this stage,two distinct features 
of a chromatographic process becomes apparent. Firstly, 
different compounds have moved down the column at different 
rates. This is termed differential migration which is the 
basis of separation in LC. Secondly, there is a spread of 
molecules of one given compound due to the fact that the 
migration rates of individual molecules are not identical. 
This is termed molecular spreading or peak dispersion in LC.
How does differential migration arise in a chromatographic 
separation? In a chromatographic system there are two phases
namely the moving or mobile phase and the stationary phase.
23 Figure 1.2-2 gives a good representation of these two zones.
Different compounds have different equilibrium distributions, 
between these two phases due to their different affinities. 
The phenomenon of differential migration is illustrated in 
figure 1.2-3 in the case of a single stationary phase particle
Wall Streamline Stationary Mobile
Zone Zone




(f rom Ref. 22 )
differential 
migration
FIG.1.2-3: THE BASIS OF RETENTION
IN LC(from ref.21)
8
and for two compounds A and C. Compound C, due to its 
greater affinity to the stationary phase, is present mainly 
in the stationary phase at equilibrium with only a small 
fraction of its molecules in the moving phase. On the other 
hand, compounds such as A which have greater affinity for the 
mobile phase spend a greater proportion of their time in this 
phase and lesser time in the stationary phase. Since 
molecules move along the column only when they are in the 
mobile phase, the speed which each compound moves through the 
column is determined by the fraction of molecules of that 
compound in the moving phase at any moment, compounds such 
as C thus move slowly through the column and compounds such 
as A move more rapidly. The relative migration rate is, 
therefore, determined by variables which affect the equilibrium 
distribution of each compound namely the mobile phase com- 
position, the type of stationary phase and the separation 
temperature. The relative migration rate is determined by 
thermodynamic considerations.
The second feature of a chromatographic separation is 
band dispersion. This is governed by kinetic considerations. 
Molecular or band spreading is brought about by the following 
rate processes:
(1) Axial molecular diffusion.
(2) Flow pattern effects.
(3) The finite rate of mass transfer processes within and 
between the mobile and stationary phases.
which, according to van Deemter et al gave independent con- 
tributions to band dispersion. Axial molecular diffusion 
is no different from any kind of molecular diffusion and it
depends on the time of residence of molecules in the column, 
for a column of given length the time of residence is 
inversely proportional to velocity. Flow pattern effects 
arise from the random nature of the packing and from the 
fact that streamlines of different lengths and random 
variations of velocity along each flow line exists. This 
results in the spread of residence time in the column since 
this is essentially independent of velocity. The mass 
transfer contribution arises from the fact that when a solute 
molecule finds itself within a particle it lags behind the 
band as a whole and when in the moving phase it tends to rush 
ahead; it thus performs a random walk about the centre of 
the band, and so when different molecules are considered with 
each performing its own independent walk one gets a sort of 
a band since the distance by which the solute molecule lags 
behind or goes ahead of that band as a whole is proportional 
to the flow velocity.The contribution to H is proportional 
to the velocity.
In general, as shown later in Chapter 2, Section 2.2, the 
dispersion is affected by flow velocity, diffusion rates, 
particle size, goodness of column packing, and the degree 
of retention. Of these, the particle size is the most 
important since equilibration time is proportional to the 
square of the particle diameter. Thus the smallest possible 
particles consistent with the pressure drop available should 




The time, tD / that elapses between injection and
R
elution of a solute is called the retention time or elution 
time and the volume of eluent, V , passed into the column 
during this time is called the retention or elution volume of 
the solvent (see figure 1.2-4). VD and t_ are related
i\ K
through the equation:
VR = tR fv (1.2-1)
where f is the volumetric flow rate.
The degree of retention of a solute is given by the 
phase capacity ratio, k', and is defined by:
k' = tR-tm '(1.2-2)
= V -V 
R m
V m
where t is the retention time for a solute that is unretained m
by the stationary phase and V is the retention volume of such
a solute. V is also equal to the volume of eluent in them ^
column.
The linear flow velocity, u, denotes the rate of movement 
of eluent along the column and is related to retention time, 
t , and column length, L, by:
u = L (1 .2-4)




































































































isotherm is linear and where there is no dead volume effects 
the elution peaks should be Gaussian. Both theory and 
practice agree that the width of a solute band increases as 
the square root of the distance migrated. This result may 
be stated as:
a = / H L (1.2-5)
where a is the standard deviation of the Gaussian curve, L is 
the column length and H is termed the height equivalent to a 
theoretical plate (HETP) originally introduced by Martin and 
Synge. H is the term used by most chromatographers to gauge 
column performance. The smaller the plate height, the better 
the performance.
In terms of the peak width at the base in the elution 
record (figure 1.2-4) which is denoted by either W measured in
time units or by W when measured in volume units, the band2 v
dispersion parameters, H can be expressed as:
w 2 Wo H = 1 , Zv _ L ,_t, 2 (1.2-6)16 (~) ~ 16 ( t*
K.
This allows the plate height to be calculated from the chart 
record. The number of theoretical plates to which a column 
is equivalent is given by:
N = L (1-2-7) 
H
= 16(£ ) 2 (1.2-7a) w z
fcR 2 
= 16(r~) (1 .2-7b)wt
2
VR
= 16(.-~) (1 .2-7c) Wv
12
The greater the number of plates a column can produce, 
the better the column performance.
It is often more convenient to describe the plate 
height not in absolute terms but in terms of the number of 
particles corresponding to H. This quantity, h, is called
the reduced plate height and was first introduced by
21 Giddings and is equal to:
h = H (1.2-8) 
dP
where h is a measure of the degree of band dispersion produced 
by the packing considered in relation to the particle size.
Each dispersion process discussed in section 1.2.1 
contributes independently to the total plate height and, on a 
particle scale, depends upon the balance between the flow of 
eluent over a particle and the diffusion of solute across a 
particle. Van Deemter et al. first appreciated that the 
total plate height could be expressed as a sum of three terms 
contributed by the different dispersion processes, and the 
van Deemter equation can be simply represented by:
H = A + B + Cv (1 .2-9) 
v
where v is the flow velocity, and the constants, A, B and C 
are associated with the plate height terms due to eddy 
diffusion, longitudinal diffusion and mass transfer respec- 
tively. Each of these independent contributions are dealt 
with in greater detail in Chapter 2, Section 2.2.
13
The van Deemter equation was then modified by Gid-dings 
and later by Knox and co-workers and represented in terms 
of the reduced plate height as:
h = Av 3+ B + Cv (1 .2-10)
v
where v is called the reduced linear velocity of the eluent 
and is defined as:
v = ud (1.2-11)
D m
where D is the diffusion coefficient of the solute in the m
21 
eluent. The reduced velocity first introduced by Giddings
is a measure of the rate of flow over a particle relative to 
the rate of diffusion within a particle.
The log-log of h versus v in figure 1.2-5 shows 
how the different terms contribute to H and emphasizes that 
H has a minimum value.
1.3 Different Modes of Chromatography
Chromatography can be carried out in a wide variety of 
ways, and can be classified according to several quite 
different criteria namely column configuration, scale of 
operation, the nature of the mobile phase, the nature, 













































nature of the molecular forces which hold the solute 
molecules within the mobile and stationary zones. This is 
illustrated in table 1.3-1. In open-bed chromatography 
the paper or the glass plates are covered with adsorbents 
like alumina or silica. On the other hand, classical column 
chromatography was performed in columns that were gravity fed. 
Modern HPLC is carried out in a pressurized system compared to 
classical gravity fed system. In terms of scale of operation, 
this ranges from microgram level in analytical LC up to kilogram 
level in preparative scale chromatography. The work of this 
thesis is concerned only with analytical scale HPLC.
The different branches of chromatography as determined 
by the nature of the phases or of the type of molecular 
interactions involved are:
(i) Molecular Exclusion Chromatography (MEC) or gel permeation 
chromatography (GPC). In this mode, molecules are separated 
according to their size by passage down a column packed with 
a micro-porous material which is usually a porous wide pore 
silica gel or cross-linked polystyrene for high pressure 
applications. Large molecules are excluded from the pores of the 
packing while smaller molecules may permeate the pores partially 
or totally depending upon their size. In exclusion chromato- 
graphy the largest molecules emerge from the column first and 
the smallest last.
(ii) Ion Exchange Chromatography (IEC). The column is packed 
either with ion exchange resin beads, with surface layer ion 
exchange particles (pellicular materials) or bonded porous
Table 1.3-1 Forms of chromatography
A Division According to Form of Column
OPEN COLUMN Paper Chromatography, Thin-layer 
Chromatography
CLOSED COLUMN Column Chromatography
OPEN COLUMN Capillary Chromatography
Mode of Elution Single Elution - using an initially dry
column, e.g. in thin-layer chromatography
Repetitive Elution - using a column 
already contaminated with eluent.
B. Division According to Mobile Phase






C. Division According to Scale
up to 1 mg 
10 - 100 mg 
100 mg - 10 g
Analytical Chromatography
Small Scale Preparative Chromatography
Preparative Chromatography
Large or Industrial Scale Preparative 
Chromatography
Table 1.3-1 (contd.)
D. Division According to Nature of Stationary Phase




Ion-Exchange Resin Ion-Exchange Chromatography
Bonded Stationary Phase Bonded Phase or Reversed Phase
Liquid Chromatography
or Gas Chromatography 
Wide Pore Packing Exclusion Chromatography
15
ion-exchangers. This technique is used in the separation 
of ionic or ionizable compounds. The support material, 
therefore, consists of a matrix onto which a charge-bearing 
group is chemically bonded. Cation exchangers contain 
negatively charged groups and are used for exchanging cationic 
species while anionic exchangers contain positively charged 
groups and are used for exchanging anionic species.
(iii) Li&u'd -solid Adsorption Chromatography (LSAC) . An 
adsorbent such as silica gel or alumina or other material of 
large surface area is used as the partitioning material. 
LSAC is suitable for the separation of a wide range of organic 
materials which are soluble in non-polar or moderately polar 
organic solvents. Chromatography on carbon falls within this 
category.
(iv) Liquid-liquid Partition Chromatography (LLC) . The 
stationary phase is a liquid supported on a solid. The 
supporting solid may be either a completely porous material 
such as a wide pore silica gel or porous glass or it may be 
a superficially porous (pellicular) material. LLC is 
applicable to a wide range of organic and inorganic solutes 
and one can use either a polar stationary phase and a non- 
polar mobile phase or the reverse.
(v) Liquid-solid Partition Chromatography. Here the 
stationary phase is chemically bonded to the surface of the 
support which is normally silica. The great advantage of 
the bonded phase compared to liquid stationary phases is that 
they are insoluble in solvents and are thermally stable.
16
1.3.1 Major Operational Modes
The two main operational modes are normal phase 
chromatography represented by adsorption chromatography and
reversed-phase chromatography. The technique of reversed-
27 
phase chromatography was introduced by Howard and Martin
in 1950 for the separation of polar molecules. At this time, 
the technique was not widely used in LC because of the 
instability of column packings. But with the introduction 
of chemically bonded reversed-phase materials like ODS-silica 
in 1970 and carbon, this reversed phase method has become 
widely used. The mobile phase is generally a mixture of water 
and a non-uv absorbing organic modifier. In RPLC the lower 
the polarity of the mobile phase the greater is the eluting 
power (methanol is a stronger solvent than water) and substances 
are eluted in a general order of decreasing polarity. The 
advantages and disadvantages of RPLC are tabulated in table 
1.3-2.
Recent ideas on the mechanism of reversed-phase chromato-
28   31 
graphy are contained in references . Stated simply, the
hydrophobic surface extracts the more lipophilic component of 
the eluent to form an organic rich layer at the particle 
surface in which the chromatographically useful partitioning 
takes place. The retentions of various members within a class 
of compounds in reversed-phase chromatography have been 
correlated to their solubilities in the eluent. Although 
reversed-phase chromatography is suited to the separation of 
polar molecules, non-polar molecules can also be successfully 
separated by using an eluent which is sufficiently rich in the 
organic component (eg methanol) to cause the solutes to elute 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.4 Column Packing Materials
In the evolution of modern LC, the principal focus 
has been on the column, which forms the central element of 
every LC system. Pellicular packings approximately 30-50|im 
in diameter or so called porous layered beads (superficially 
porous packings, controlled surface porosity supports) were 
widely used in the early to mid '70s but have now been 
relegated to use in quickly replaced guard columns. For 
analytical HPLC, the microparticulates in the range of 5M.m and 
10y.m are the most widely used packings today, but larger 
porous packings find use in high performance preparative 
chromatography.
The different modes of LC require the use of different 




(c) Chemically bonded stationary phases.
A comprehensive list of the various types of packing
32 
materials available for HPLC has been compiled by Major.
1.4.1 Adsorbents
The earliest types of HPLC packing materials were large 
porous adsorbents (>30|im) such as Lichrosorb (Merck) and 
Porasils (Waters). These large particles had poor mass 
transfer characteristics due to the large diffusion distances. 
In 1968 Kirkland began to use 'superficially porous 1 packing 
materials (also called 'controlled surface porosity 1 , pellicular)
18
which were non-porous spherical glass beads covered with a 
thin layer (1-2|im) of porous silica or alumina as seen in 
figure 1.4-1. Examples of pellicular supports include 
Zipax (DuPont), Corasil I and II (Waters), Pellosil (Whatman) 
and Perisorb A (Merck). These supports have low surface 
areas and are normally used for liquid-liquid partition 
chromatography, although some can also be used for adsorption 
chromatography. These pellicular materials, however, have 
low sample capacity. The most efficient HPLC packings are 
fully porous particles with diameters of around Sum. These 
microparticulate particles combine higher capacity with shorter
diffusion distances. Adsorbents for LSC have been classified
34 
by Snyder and Poppe as in Table 1.4-1. The two most
commonly used adsorbents are silica and alumina. Fairly wide 
pores (>5nm) are desirable in adsorbents so that solutes are 
not trapped in the small pores and give rise to tailed peaks. 
A comprehensive list of commercially available adsorbents are 
given in Appendix 1.
1.4.2 Polymer Coated Supports
Synthetic cross-linked polymers such as Dowex 1-8x resin 
were initially used as ion-exchange materials by Cohn and co-
O c "3 £" ^ "7 ^ ft
workers, ' Volkin et al. and Anderson et al. who 
developed ion-exchangers as column packings for the separation 
of bases, nucleotides and nucleosides. Many older organic 
gels are of microporous types. These materials had the 
disadvantage that they changed their volumes in organic sol- 
vents and under different pH and ionic strength conditions. 







FIG.1.4- 1 : DIFFERENT TYPES OF
PARTICLES USED IN HPLC
Table 1.4-1
Classification of LSC Adsorbents (34)
Adsorbents General Class Examples
I Polar Inorganic Silica 
Alumina
II Non Polar Inorganic Graphite
Charcoal
III Polar Bonded Phase Amino-propyl
Cyano-propyl
Diol Phase
(-0-CH 2 -CHOH-CH 2OH)




transfer characteristics. Recently macroporous gels have
become available. These gels, like silica, are rigid
because there are tightly polymerized regions where solvent
and solute cannot penetrate.
39
In 1967, Horvath et al. developed a pellicular ion- 
exchange resin. They coated the surface of glass beads with 
a polystyrene/divinylbenzene polymer. Sulphonation of the 
resulting polymer produced a layer of cation-exchange resin 
over the glass bead surface, and ,similarly, chloromethylation 
followed by reaction with a tertiary amine produced an anion- 
exchange resin. Some of the new organic materials like 
Styragel, Spherogel, TSK gel and Chromex had good mechanical 
stability, shorter diffusion distances, low swelling charac- 
teristics and have stable physical properties like silica gel. 
A range of porous layer beads coated with ion-exchange resins 
is now commercially available and include SAX and Zipax SCX 
(DuPont), AS Pellionex SAX (Whatman) and Pellicular Anion 
(Varian). Glass beads (or superficially porous glass beads)
could also be coated with hydrocarbon or polyamide polymers.
40 
In 1963, Endres and Hermann published an excellent review on
polyamide column chromatography. Pellicular polyamide was 
further developed by DuPont and Northgate Laboratories in 1970 
and marketed under the name Pellidon. Examples of each type 
are collected in Appendix 2.
1.4.3 Chemically Bonded Stationary Phases
32According to Majors 65% of HPLC users resort to the
reversed phase mode and since 1977 the number of listed 
reversed phase (RP) materials packings has tripled, some of
20
which are given in Appendix 3. There are several methods 
available for the preparation of bonded phases for HPLC. 
These are as follows.
(i) Reactions with alcohols and amines (Hala.sz brushes)
The first chemically bonded phases for KPLC were prepared
41 by Halasz and Sebestian by esterifying the silanol (Si-OH)
groups on the surface of silica with an alcohol as shown in 
figure 1.4-2. A further range of bonded materials was 
prepared by conversion of silica to silica chloride by treat- 
ment with thionyl chloride, followed by reaction of the surface 
chloride groups with amine as shown in figure 1.4-3. These 
new phases had strands of organic chains (bristles) pointing 
away from the silica surface, and became known as "Halasz 
brushes". They are commercially available from Waters as 
Durapak supports. Their main disadvantage is their limited 
hydrolytic stability (within the range 4-7) due to hydrolysis 
of the Si-OR and Si-NR bonds.
(ii) Reaction with organosilanes
Modern commercially available bonded materials are based 
on reactions between organochloro- or alkyoxysilanes and the
surface silanol groups. Such reactions can be carried out
43 under a range of conditions as discussed in detail by Majors.
There are two general approaches to the bonding of organosilanes 
to silica and these are discussed in turn.
(a) Anhydrous conditions
In this instance, dry silica is heated at reflux with
octadecyltrichlorosilane in toluene under conditions which












of water no hydrolysis of the Si-Cl bonds in the chlorosilane 
takes place and bonding occurs by elimination of HC1 between 
the organosilane and one or more of the surface silanol groups. 
After removal of excess reagents, subsequent hydrolysis con- 
verts unreacted Si-Cl groups to silanol groups as depicted in 
figure 1.4-4. In practice, however, the presence of residual 
silanol groups arising either from hydrolysis of Si-Cl bonds 
as shown, or by non-reaction of a surface silanol site may confer 
chromatographically undesirable adsorptive properties on the
material. These residual silanol groups should then be
45 
"capped", for example, with trimethylsilyl groups, although
this is not always done in practice so that some commercial 
materials have substantial adsorptive properties due to SiOH 
groups. Some of the widely used commercially available phases 
based on this reaction include Bondapak supports (Waters), 
Hypersil supports (Shandon Southern), Partisil-10 CDS (Whatman) 
and Spherisorb-ODS (Phase Separations). A wide range of 
bonded phases are prepared by this scheme. No capping is 
required in the recent materials made from monochloroalkyl- 
dimethylsilane.
The advantage of supports prepared in this way is that 
the Siloxane (Si-O-Si) bonds formed during the reaction are 
relatively stable to hydrolysis. There is a paucity of 
detailed information on the stability of bonded phases, but 
such supports are generally held to be stable in the pH 
range 2-8. Around pH 2, the organic groups are cleaved from 
the support and at about pH 8, silica itself starts to dissolve. 
The stability of the bonded phase is also governed by the 





FIG.14-4: REACTION WITH ALKYL-
TRICHLOROSILANES
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(b) Reaction with hydrolysis
As shown in figure 1.4-5 an alternative scheme for the 
reaction of organosilanes with siliceous surfaces is first 
to hydrolyse the organochloro- or alkoxysilane to the silane- 
triol and to partially polymerise the latter. The resulting 
polymer is then bonded to the support surface by multiple 
attachments via stable siloxane linkages. ' This is the 
method of preparation of the DuPont Permaphases in which 
the organic group may be octadecyl, v-glycidoxypropyl ("ether") 
or a quaternary ammonium group. The siloxane linkages again
offer good hydrolytic stability on these supports .
32 According to the review by Majors the use of di- and
trichloro- or ethoxyoctadecylsilanes for the preparation of 
bonded phases is being replaced by the monochloro- and mono- 
ethoxydimethyloctadecylsilane reactions because the former 
can react with one or two hydroxyl groups and are subject to 
polymerization reactions giving rise to polymerized bonded 
phases. The advantage of monochloro- or monoalkyoxysilane 
reagents like trimethylchlorosilane (TMS) or phenyldimethyl- 
chlorosilane (PDS) is that their reaction ensures a reproduc- 
ible monolayer coverage. Furthermore, the monomeric (bristle) 
phases may have faster solute mass transfer kinetics and 
hence have superior column performance. The surface coverage 
of silanol groups is a maximum for trimethylchlorosilane of 
around 48|imol/m 2 whereas the concentration of Si-OH groups is 
around 9|imol/m 2 . Although even under the most exhaustive 
silanization only about 55% of silanol groups can be 
derivatized. ' The work of Unger et al. has also shown 



































short chain n-alkane packings and ODS types. The prepara- 
tion and characterization of chemically bonded stationary
phases has been the subject of a number of studies 5 ' b3 ' 54
54-56 and recent reviews.
(iii) Reactions involving Grignard and Qrgano-lithium
Reagents
Organic groups can be bonded to the surface of silica via 
direct Si-C bonds, by reaction ofthionyl chloride with 
Grignard or organolithium reagents. " (Figure 1.4-6). 
These supports also possess good hydrolytic stability.
The present success of reversed-phase liquid chromato- 
graphy (RPLC) entirely relies on the performance achievable 
with columns packed with chemically bonded phases. These 
reversed-phase materials still do not behave in a totally 
hydrophobic manner because their hydrophobic character 
depends on the type of n-alkyl chain bonded and on the surface 
coverage. This can be observed in the chemical instability 
of reversed-phase packings in aqueous eluents which can be 
attributed to the reactivity of siloxane groups anchoring the 
alkyl group and to the presence of residual silanol groups. 
Some improvements have been made in improving the stability 
of silica-based packings, mainly by "protecting" the surface 
with polymeric phase or high surface coverage or by the use 
of precolumns which saturate the mobile phase with dissolved 
silica or bonded phase. Atwood et al. presaturated the 
mobile phase with silicates which, therefore, permitted high 
pH values to be used at least for short periods of time. 
One cannot neglect the known solubility of silica in water and 
the liability of the siloxane bonds to basic hydrolysis. 
Whenever silica-based packings are used at high pHs, high
FIG.1.4- 6: ALKYLATION OF
GRIGNARD REAGENT
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buffer strengths, in the presence of tetraalkylammonium 
salts and at elevated temperatures, shortened column lifetimes 
will have to be accepted. Increasing attention has, there- 
fore, been devoted to the development of non-polar adsorbents 
exhibiting an improved pH stability over the alkyl-bonded 
silica material.
The survey of modern HPLC materials just given highlights 
some of the disadvantages of existing materials, in particular, 
the hydrolytic unstability of bonded silicas. There is, 
therefore, a need for chemically stable and physically robust 
materials specially reversed-phase materials which is only 
particularly met by the new polymeric packings.
A carbon which could be used in LC especially in a 
graphitized form offers a possible alternative, but formidable 
difficulties exist in producing such a material to a state 
where it can be used effectively in LC. This thesis is con- 
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2.1 Thermodynamics of Liquid Chromatography
When the molecules of a substance X to be separated 
are introduced into the column they distribute themselves 
between the mobile and stationary phases as noted in section 
1.2.1. Giddings has shown that it is an essential feature 
of efficient chromatography that the ratio of the amount of 
solute in the stationary phase and the amount of solute in 
the 'mobile phase averaged over the band must be equal to the 
equilibrium ratio. When the molecules are in the mobile 
phase they move at the speed of the mobile phase, u, but when 
in the stationary phase they are static. Thus the relative 
band migration rate is given by:
R = Speed of band
Speed of mobile phase
= (amount of X in mobile phase) = ^m
(amount of mobile and stationary phase) q +qs m
= 1
(1 + k 1 ) (2.1-1)
where k' = (amount of X in stationary phase)




Because of the near-equilibrium assumption discussed 
in section 2.2.5 q and q can be regarded as equilibrium
»3 111
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values and can be given as
qs = C sVs (2.1-3)
and q = C V (2.1-4) Mm m m
where C , C are the equilibrium concentrations of the solute
o 111
in the stationary and mobile phases and V , V are the volumess m







where K is the distribution coefficient of the solute between 
the two phases.
When the separation of a pair of solutes X and Y is 
considered, the ratios of the distances between the points of 
injection and the zone centres depend on the thermodynamics 
of the system, that is, the nature of the mobile phase, the 
stationary phase or both. Quantitatively, separation is 
discussed in terms of resolution, which is defined as:
R = Az (2.1-6) s  
4a
where Az is the distance between adjacent peak maxima and a
is the standard deviation of the Gaussian concentration profile
qenerated by the dynamic column processes.
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2.1.1 Thermodynamics of adsorption chromatography
2According to Snyder the adsorption of a polyatomic
molecule X from solution in an eluent E can be represented 
by the following chemical reaction analogue.
^ + nE =± X + nE (2.1-7) m a* a m
where subscripts m and a refer to the mobile and adsorbed 
phases respectively, n is the number of eluent molecules 
displaced by the adsorption of one solute molecule. For 
adsorption chromatography equation (2.1-5) can be written in 
terms of the weight of the adsorbent in the column, w, or by 
the surface area of the adsorbent, A, in the column.
That is, k' = C s' w
C V m m
= Kads. - (2.1-8)
V m
r " A and k- = S A
C V m m
= Ka - (2. 1-9)
V m
where K is generally called the adsorption coefficient ads
(measured in cm g ) and C ' is the concentration of adsorbate
O
in moles per unit weight or alternatively, where K is the
3 -2 superficial adsorption coefficient (measured in cm m ) and
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C " is the adsorbate concentration in moles per unit area
O
of adsorbent surface.
In LSC, there is a competition between solvent and 
sample molecules for the fixed 'active' sites on the surface. ' 
The adsorption of sample molecules requires the desorption of 
solvent molecules to permit the accommodation of sample 
molecules on the surface. The capacity factor k' is, there- 
fore, determined by the net energy of adsorption of sample 
molecules a~nd the net energy of adsorption is given as the 
sum of interaction energies. The adsorption coefficient of
a component between the mobile and stationary phases depends
AKe.
on,type of interaction forces, mainly on dispersion (non-polar)
and on hydrogen bonding between the sample components, solvent 
and adsorbent, which will be dealt with in greater detail in 
Chapter 9.
2.1.1.1 Adsorption isotherm
The equilibrium relationship between adsorbed and non- 
adsorbed samples at a given temperature can be given by the 
adsorption isotherm. This is a plot of the concentration of 
solute in the adsorbed phase versus the concentration of solute 
in the nonadsorbed phase at a given temperature. Linearity 
of the plot is equivalent to a constant distribution coefficient, 
K, in the separation. Separations in which K is independent 
of sample concentration are referred to as linear isotherm 
separations; which for most chromatographic separations occur 
at low sample concentration. A non-linear sample isotherm 
affects both the shape of the sample band and the rate at which
33
they migrate through the bed. Three isotherm types may 
be distinguished at low sample concentrations; linear, convex 
and concave (see Figure 2.1-1) where the effect of isotherm 
type on band shape is also shown. Adsorption chromato- 
graphic separations have typical convex isotherms, indicating 
that K decreases with increasing sample concentration. In 
this situation, the symmetrical sample bands are described by 
faster migration of high concentration portions of the band 
resulting in a skewed elution band. Band asymmetry or 
'tailing 1 in adsorption chromatography can be evidence of 
isotherm non-linearity (slow desorption kinetics can also 
lead to band tailing) .
In the region of isotherm linearity, where the solute 
concentration is small, the lateral interactions of each solute 
molecule in the adsorbed phase will be with eluent molecules 
only. For adsorption from a liquid phase the Langmuir
»
isotherm takes the form:
6 = KthNx (liquid) (2.1-10)
., th x
where 6 is the fractional coverage of the adsorbent surface 
by adsorbed .'x /K^v, tne thermodynamic equilibrium constant 
(or relative adsorption affinity of X) for the adsorption 
process and N the mole fraction of X in the unadsorbed phase 
The derivation of the Langmuir isotherm assumes a maximum of 
single monolayer adsorption, equivalent sites and no inter- 
actions between adjacent adsorbate molecules.
For low sample concentrations, K N becomes small and


































































equation (2.1-10) reduces to:
QL = If
N th (2.1-11) 
x
that is, the sample distribution coefficient becomes constant 
at low sample concentrations. If the monolayer capacity 
(moles/gram) is defined as N°, equation (2.1-10) then can be 
rewritten as:
(X) K°(X)
——- = ————- (2.1-12)
N
where K° is the constant value of K at low sample concentrations 
Rearranging equation (2.1-12)
_L_ = JL + _J    (2.1-13) 
(X) N°
For a Langmuir isotherm, a plot of 1/(X) versus 1/(X) willa u
be linear, and the intercept of this plot on the 1/(X) axisa
is equal to 1/N°.
Unfortunately, the major assumption of uniform sites does 
not often hold and the dependence of K on coverage can be 
severe even at near-zero coverage. It is,therefore/ necessary 
to deactivate the active sites. In the case of carbon, an 
ideal material would have uniform sites.
2.1.2 Thermodynamics of partition chromatography
Liquid-liquid partition chromatography depends upon the
35
different distribution coefficient of the components of a 
mixture between a stationary and a mobile phase which are 
immiscible. The stationary phase is an inert packing 
material coated with a polar (triethylene glycol) or non- 
polar (squalane) stationary phase. The distribution 
coefficient is related to the capacity factor, k', by:
(2.1-14)
Vm
which is similar to equation (2.1-5).
Karger et al. have derived the following equation, 
which describes the distribution coefficient, D, of a solute, 
i, between stationary and mobile phase.
log D = i [(5 i -6m ) 2 -(6 i -6 s ) 2 ] (2.1-15) 
RT
where V. is the molar volume of the solute, i, and 5.,6 ,6
^. 1 o III
are the solubility parameters of the solute, stationary phase 
and mobile phase.
The solubility parameters as defined by Hildebrand and
C. -7
co-workers ' are given by:
6 i = (AHvap /Vi>' (2.1-16)
Combining equation (2.1-14) and (2.1-15) gives:
Vi [(6. -6 ) 2 -(6.-6 ) 2 ] (2.1-17) 1 m x sV RT m
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2.2 Kinetics of Liquid Ghromatography
2.2.1 Introduction
As recognized in Chapter 1, Section 1.2.1, band or 
molecular dispersion is governed by kinetic considerations 
and is brought about by three rate processes, namely axial 
molecular diffusion, flow pattern effects and the finite rate 
of mass transfer processes within and between the mobile and
a _
stationary phases. Figure 2.2-1 gives an illustration of 
band dispersion during a chromatographic process, where the 
molecules of one compound C, represented by crosses, is con- 
sidered. At the injection point, the molecules are 
represented by a narrow line as in figure 2.2-1(A) but as 
these molecules move along the column they become spread over 
a wider portion of the column as shown in figure 2.2-1(3). 
Each of the three different rate processes will now be dis- 
cussed separately.
2.2.1.1 Mass transfer processes
The rate of mass transfer within and between phases in 
chromatography may be controlled by either of two mechanisms. 
(i) Adsorption-desorption kinetic processes which may be 
single or multistep as can occur in adsorption chromatography 
and (ii) diffusion-controlled phase transfer kinetics which 
are important in partition chromatography and include mass 
transfer within the flowing part of the mobile phase, within
/
the stagnant mobile phase and within the stationary phase.



















FIG.2.2-1 : KINETIC CONSIDERATIONS
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Mobile phase mass transfer. In a single flow stream, 
different flow rates exist for different parts of that flow 
stream. Sample molecules in the centre of a flow stream 
move fastest and hence travel greater distances in a given 
time compared to molecules moving in a flow stream adjacent 
to a particle. This dispersive effect is reduced by 
diffusion of solute across the flow stream and by decrease 
of flow velocity. Figure 2.2-1(C) shows such a situation 
between particle 1 and 2.
Stagnant phase mass transfer. This type of contribution 
arises in the case of porous column packing particles. The 
mobile phase in the pores of these particles is stagnant. 
Molecules diffuse in and out of these pores to different 
depths of the pores. Molecules diffusing only a short 
distance into the pore diffuse back into the mobile phase 
quickly and, therefore, travel a greater distance down the 
column. Those molecules that diffuse further into the pore 
spend more time in the pore and less time in the mobile phase 
and, therefore, travel slowly down the column. This disper- 
sive effect is reduced by increasing the diffusion rate or 
reducing flow velocity. Figure 2.2-1(D) illustrates 
stagnant phase mass transfer where the pore of a single 
particle 5 is shown.
Stationary phase mass transfer. Molecules penetrate to 
different depths of the stationary phase. Those molecules 
which penetrate deep into the stationary phase travel slowly 
through the column as compared to those molecules which spend 
only a little time in the stationary phase. This is shown in
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figure 2.2-1(E). Fast diffusion or low flow rate reduces 
this form of dispersion.
2.2.1.2 Axial molecular diffusion
Molecular diffusion in the flow or longitudinal direction 
contributes most at low or very low velocities. Its contri- 
bution to spreading can be calculated in terms of diffusion 
coefficients and a structural parameter, y, with a value near 
unity. The theory of y has been discussed by Knox and 
McLaren.
2.2.1.3 Flow pattern effects
Flow pattern effects include channelling (and other
effects of packing inhomogeneity) and was termed the 'Eddy
8c Diffusion' term by van Deemter et al. This is represented
in figure 2.2-1(B). Different solvent flow streams exist 
within the column of a LC system. Sample molecules, there- 
fore, take different paths through the packed bed. Molecules 
following narrow paths as paths between particles 2 and 3 
travel much more slowly as compared with molecules taking 
wider paths as between particles 5 and 6. This is essentially 
a geometrical effect but is reduced by transverse diffusion 
in the mobile phase as discussed above.
2.2.2 Theoretical plate model
As discussed earlier in Section 2.2 solutes injected at 
the top of the column are subjected to zone or band spreading
as they progress through the column. In 1941, Martin and
9 Synge were the first to introduce the band dispersion
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parameter, which is called the height equivalent to a 
theoretical plate or H,to characterize chromatographic zone 
spreading and thus resolution. Following Martin and Synge 
the plate height may be defined as "the thickness of the 
layer such that the solution issuing from it is in equilibrium 
with the mean concentration of solute in the nonmobile phase 
throughout the layer". The theoretical plate model was 
introduced into chromatography because of its effectiveness 
in describing the distillation procedures. It was the first 
model to describe the development of a solute concentration 
profile under the conditions of non-equilibrium processes 
and when the isotherm was linear.
The model/ therefore, pictures a discontinuous concentra- 
tion profile of the solute distributed in plates. According
1 0 to Keulemans a chromatographic column in the plate model is
likened to a Craig distribution apparatus consisting of a 
series of interconnected but distinct bed sections or 
theoretical plates. Passage of solvent through the bed is 
visualized to take place in steps as in the operation of the 
Craig apparatus. In each step the solvent (plus any un- 
adsorbed sample) in plates Nn/ N 1/ N 2 , etc shifts over to the 
next higher number plate and fresh solvent enters plate N^, 
equilibrium taking place at each step according to the
O-. Q a
distribution coefficient (see Table 2.2-1 and figure 2.2-2 ) 
Mathematically, the distribution of X on the adsorbent bed 
is given by the successive terms of the binomial expansion 
(x+y) where n is the number of solvent transfers that have 































































































































































































































































































































































































































































0246 8 10 12
Plate NumberN; N;/n
FIG.2.2-2: DISTRIBUTION OF SAMPLE ON
THE ADSORBENT BED AFTER
VARYING DEGREES OF SOLVENT
TRANSFER,ACCORDING TO THE 
CRAIG DISTRIBUTION MODEL:
(a,g)4 TRANSFERS; (b,h) 8 TRANS-
FERS; (c,i)12 TRANFERS,-
(e,k) 20TRANSFERS (from Ref. 8a)
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the adsorbent bed, for large values of n, a symmetrical 
concentration distribution converging to a Gaussian distri- 
bution is formed (figure 2.2-3).
The band width can be defined by the standard deviation 
a of the Gaussian curve and this is found to be equal to 
i/HL where H is the plate height and L is the distance migrated 
by the centre of the zone. One useful prediction of the 
model is that the zone width, proportional to a, increases 
with the square root of the zone migration distance L. 
Therefore, the plate height for a uniform column may be defined 
as:
H = oj_ (2.2-1) 
L
In a nonuniform column where concentration and velocity 
gradients exist the plate height is then the increment in the 
variance a 2 per unit length of migration.
H = (2.2-2)
Giddings has criticized the theory for the irrelevance 
to the details of kinetic phenomena of the chromatographic 
process, the assumption of plate wide equilibrium and the 
discrete nature of the plates. Its failure to allow for 
longitudinal diffusion effects has also been criticized.
2.2.3 Random walk model
Chromatographic migration can be described in terms of 










0 2 4 6 8 10 12 14 16 18 
Plate Number Ni
FIG. 2.2-3: APPROACH OF BAND SHAPE
TO A GAUSSIAN DISTRIBUTION. 
SOLID LINE,CRAIG DISTRIBUTION 
MODEL AFTER 20 TRANSFERS
( R =0.5); DASHED LINE, 
GAUSSIAN CURVE (from Ref.Sa)
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displacement. The model provides the simplest and most 
direct calculation of the effects of dynamic molecular pro- 
cesses on zone structure. If a large number of molecules 
were started at a given origin, the operation of a many step- 
random walk would lead to their dispersion. The standard 
deviation (or quarter width) a of the resulting Gaussian 
concentration is simply:
a = £n (2.2-3)
where £ is the fixed step length and n, the number of steps 
taken.
In terms of variance:
a 2 = £ 2 n (2.2-4)
»
for any number of simultaneous random processes such as those 
occurring in a chromatographic system:
a 2 =a 2 + a 2 + a 2 + ... (2.2-5)
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A combination of equation (2.2-4), which gives a 2 for each 
individual random process, and equation (2.2-5), which shows 
how the a 2 of component processes adds together to form the 
final chromatographic zone,is sufficient for a quantitative 
treatment. Einstein's equation relating a 2 to the 
diffusion coefficient D is:
a 2 = 2DtD (2.2-6)
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where t is the time period over which diffusion occurs.D c
The equation can replace equation (2.2-3) for the calculation 
of a 2 values arising from molecular diffusion. To estimate 
the 'average' time which a molecule needs to diffuse a 
distance d from its starting point, d , may be equal to a. 
The time required would then be obtained from equation (2.2-6) 
as:
tn = d^ (2.2-7) 
u 2D
where tD is the time spent by solute molecules through the 
distance, L.
2.2.3.1 Longitudinal molecular diffusion
Equation (2.2-6) can now be used in terms of random 
processes to calculate the contribution to the plate height 
made by molecular diffusion. Consider solute molecules 
travelling in the mobile phase with the average mobile phase 
velocity v,
then t = L / -> -> o \ m   (2.2-8)
v
where t is the column dead time, that is, the average time 
for the passage of inert, nonsorbing molecules to position L 
Using equation (2.2-6):
a 2 = 2D t m m
= 2D L (2.2-9) m   
v
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where D is the diffusion coefficient in the mobile fluid. 
m
The actual distance diffused is reduced due to tortuous and
constricted nature of the path, thus the obstructive factor
12 13 Yr ' slightly less than unity (about 0.6) is applicable in
packed columns.
Thus a 2 = 2YDmL (2.2-10)
v
Using equation (2.2-1)
H = o 
L
= 2 YDm (2.2-11) 
v
Equation (2.2-11) represents the contribution to plate height 
due to molecular diffusion by random processes.
Under some circumstances, longitudinal diffusion in the 
stationary phase can also contribute to the plate height.
Then a 2 = 2D t (2.2-12)
where D is the diffusion coefficient of solute in the s
stationary phase and t is the time spent in the stationary
O
1 4 phase. Using Le Rosen's equation
t
-1 = -L-* = k' (2.2-13)
u K,m
where R is the equilibrium fraction of solute in the mobile 
phase and is equal to 1/1+k 1 .
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Then substituting equation (2.2-13) into equation (2.2-12)
a 2 = 2D t (1-R) (2.2-14) 
s m_______
R
And using equations (2.2-8) and (2.2-1)
t = L m -
and H = a 2
then H = 2 YsD s (1 _R) (2.2-15)
v R
Longitudinal molecular diffusion, therefore, gives a 
contribution inversely proportional to the flow velocity which 
can be abbreviated as B/v where B is a constant related to 
the diffusivity of the solute.
2.2.3.2 Adsorption-desorption kinetics
This process is an abrupt molecular process and involves 
sites with different adsorption energies. Molecular desor- 
ption occurs if and only if they possess sufficient activation 
energy to cause the necessary rearrangement of rupture of 
chemical or physical bonding. Solute molecules adsorb and 
desorb in accordance with the law of first order kinetics; 
the rate of the process is proportional to the total number of 
molecules able to react. For each process there is a rate 
constant or transition rate, k f which is the constant of 
proportionality in the rate law and represents the fraction
45
of the available molecules reacting in one second 
That is,
(2.2-16)




and fca = 1 (2.2-18)
where t , and t are the mean desorption and adsorption time 
respectively.
During the migration of a chromatographic zone, adsorp- 
tion and desorption occur frequently C\ random. 
There is a transfer of activating energy in and out of the
»
molecular bonds . A desorption process is seen as a random 
step forward, allowing mobility of the. molecules in the 
mobile phase and an adsorption process is seen as a random 
step backwards retarding the movement of molecules . The 
total number of random steps, therefore, involved during 
zone migration through the distance L would be the number of 
forward steps plus the number of backward steps which is 
equal to twice the number of adsorptions as each adsorption 
is followed by desorption.
If t is the time a molecule remains in the mobile phase 
a
moving with mean flow velocity, v , before being adsorbed. 
Then, distance (segment) covered before adsorption
= vt a
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Number of segments to reach distance L
L 
vt.
= number of adsorptions
Number of random walk steps is
n = 2x number of adsorptions
_2L (2.2-19)
vt
On the other hand, in the same period, t , the zone centrea
is also moving. The zone migrates only a fraction R as
fast as the free molecule.
.*. Advance in time by the zone
= Rvt a
Relative Displacement or step length of molecule
= v"t -Rvt 
a a
or £ = (1-R)v'ta
Using equations (2.2-4) and (2.2-19) 
Then
a 2 = (1-R) 2v 2 t 2 x 2L
3- '• u"
vt
= (1-R) 2vt La
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Using equation (2.2-1)
H = 2(1-R) 2 vt (2.2-20)
a
In terms of mean desorption time
R
t 1-R
H = 2R(1-R)vtd (2.2-21)
Equation (2.2-21) is an important equation. It applies
to both heterogenous and uniform surfaces. The plate height
contribution due to kinetic or non-equilibrium effects is
proportional to the flow velocity, v, t or t,, the timea Q
necessary to make a transition between the mobile and 
stationary phases (therefore, it is necessary to increase 
the rate of transition) and it is also proportional to 
R(1-R), a quantity which acquires a maximum at R=^ and is 
relatively small near the extremes where R=0 and R=1 .
2.2.3.3 Diffusion-controlled sorption-desorption kinetics 
This type of phenomenon is important in the partition 
systems (gas liquid or liquid-liquid) where a bulk stationary 
phase exists and a change occurs gradually as molecules 
diffuse in and out of localized regions. The simple random 
walk process is similar to that of adsorption-desorption 
kinetics and equation (2.2-21) is applicable which gives 
the plate height, H, in terms of R, v and the mean desorption 
time, t ; the only difference being that the rate of release
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by diffusion is controlled by the diffusion coefficient 
while the desorption from surfaces is controlled by the rate
constant k,. d
Using equation
t = d^_ (2.2-22)
2D s
where D is the diffusion coefficient for solute in the 
stationary phase and d, the distance diffused. When substituted 
into equation (2.2-21) the plate height contribution is found 
to be:
H = 2R (1-R)d 2 v/D s (2.2-23)
In equation (2.2-21) H is reduced by increasing sorption and 
desorption rates (decreasing tj. In this case, however, the 
increased rate is affected by reducing d to its absolute 
minimum; that is, the stationary liquid should be dispersed 
in very small units. It is also desirable to choose liquids
with large D . ^ s
2.2.3.4 Diffusion in the mobile phase
The nature of this diffusion is more complicated than 
that in the stationary phase. Only recently has it been 
possible to account quantitatively for some of the major com- 
ponents of zone spreading caused by these diffusion 
processes. ' According to Giddings velocity inequalities 
which lead to zone spreading originate within the mobile 
phase in the following ways:
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a. Transchannel Contribution, where a high velocity 
exists in the centre of a flow system, and a low velocity 
near the walls and diffusion leads to the exchange of mole- 
cules between these regions.
b. Transparticle Effect. The existence of stagnant mobile 
phase in porous supports which is surrounded by mobile fluid 
in a state of motion. The interchange through the stagnant 
mobile phase gives rise to transparticle effect, seen in 
partition chromatography.
c. Short-range interchannel Effect. In a packed bed, 
small tightly packed regions are joined together by a rather 
loosely filled space composed of large channels. A significant 
velocity differential occurs between the large open channels 
and the smaller surrounding ones.
d. Long-range interchannel Effect. Throughout a given 
cross-section of the column no single undulation of the pattern 
could be exactly repeated, thereby giving rise to variations 
in the average velocity within each undulation or repeating 
flow unit. The diffusion back and forth among these units 
leads to a long-range interchannel effect.
e. Transcolumn Diffusion. Velocity differences are found 
to exist between the outer regions (influence of wall on 
packing density) and the centre of the column (due to bending 
of a column) or between one outer region and another. Transfer 
of solute molecules between velocity extremes must occur 
through diffusion on a column-wide scale.
Employing the random walk model, the contribution to 
plate height by these processes is given by:
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2H = wd v (2.2-24)
where w.=w w| and w and W R depends on the particle effect
1 CX fj Cir P~~2T~
categorized above.
w = S (2.2-25)
where S is the distance a molecule must diffuse to reach 
one extreme from another
and W B = Av (2.2-26)
v
where Av is the difference between the extreme and the mean 
velocity, v.
The values of w , W R and w. have been tabulated for all 
the five effects in table 2.2-2. It is very difficult to 
generalize transcolumn effects. For straight columns ,trans- 
column inhomogeneity is due to size separation effect where 
larger support particles settle near the outside, allowing
greater permeability and increased flow rate. Smaller
18 19 particles settle near the centre. ' In addition, there is
20 the wall effect due to the narrow gap between the wall and
adjacent particles. Generally, the velocity near the outside 
is 10% greater than the average, and that near the centre is
10% or so less. The bending or coiling of a chromatographic
2 T column can also lead to transcolumn effect common in GC.
A molecule near the inside bend is progressing more rapidly 
than its outside counterpart because its path is shorter, its 
velocity is greater (this results from larger pressure
Table 2.2-2





































gradient which is a consequence of the total column pressure 
drop being distributed over a shorter path). Therefore, in 
transcolumn effects, H should be expressed in terms of column 
diameter (or radius) and not particle diameter. 
Hence
H = 0.004r 2 v/D (2.2-27) c m
where r is the tube radius.
For transcolumn variation in permeability
H = SrJ* v/RQ2 Dm (2.2-28)
where R is the coil radius or radius of curvature of the 
bend.
2.2.3.5 Eddy diffusion
Eddy diffusion is the consequence of the same velocity 
inequalities. A separate eddy diffusion term may be 
identified with each of the five categories of velocity 
inequalities and the plate height contribution would be:
H = w*w,dp (2.2-29)
P A
where w, is a structural parameter, near unity.
A
For a given velocity inequality i,
H = 2 X.dp (2.2-30)
where \ = w*w/2 (2.2-31)
The various values of A. have also been tabulated in table 
2.2-2.
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The classical theory of eddy diffusion assumes that 
solute molecules follow fixed streampaths down the column 
and the eddy diffusion term will be a structural property. 
In fact, solute molecules frequently undergo lateral diffu­ 
sion and can be carried into new flow channels and its path 
becomes highly segmented containing many random walk steps. 
Therefore, the assumption that H was the sum of the 
contributions from the flow mechanism, H f , and from the 
diffusion mechanism, H^as in the classical theory of eddy
diffusion, seems unjustified. The coupling theory of eddy
1 7 diffusion developed by Giddings gives H to be equal to:
H = 1 • (2.2-32)
1/Hf +1/HD
in contrast with
H = H f + HD (classical theory (2.2-33)
eddy diffusion)
An equation of this type applies to all categories of velocity
17 22 
inequality, thus yielding a summed expression ' ZH for
the final plate height term.
H - i ———————————————— (2.2-34)
+ D /w.vd 2 
m i p
Dividing each side by dp, and substituting for d Dv / Dm 
we obtain
h = 1 _______ (2.2-35) 
1/2\ i +1/w.v
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where h is the reduced plate height and v the reduced 
velocity. Also, the reduced transition velocity, which is 
a dimen^iorAcSS number dependent only on the structural 
factors X. and w. , and independent of diffusivity and mean 
particle diameter, is given by:
= 2X i /wi (2.2-36)
If v,. is determined for one mobile phase, its value will 
be fixed in that column for any other possible mobile phases.
2.2.4 Rigorous Stochastic Theory
In predicting the random model, an arbitrary decision 
must be made on what to take as the length and number of steps 
In addition, the model is based on a fixed number of steps for 
all participating molecules which in sorption-desorption 
kinetics, a variable number of steps are taken. The length
of step taken is also notoriously variable.
23Giddings and Eyring studied the random sorption- 
desorption processes of chromatography and derived a rigorous 
expression for the concentration profile of solute molecules 
emerging from the end of the column in terms of probability, 
density function or distribution function P. This stochastic 
approach was derived for a single kind of adsorption site or 
for any first order exchange process.
The approach assumes that there is a definite non-varying 
constant, k , representing the probability per unit time that 
the molecule will adsorb on the surface. This first order'
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rate constant is accompanied by a first-order desorption 
constant k, . The assumption that k and kd are non-varying 
constants, independent of time or of the molecules history 
causes a departure from diffusion-controlled kinetics. 
According to this rigorous approach, for a large number of 
adsorptions and desorptions , if the molecule started its 
migration in the mobile phase, its distribution function P 
is then equal to:
P = dm m)2] (2.2-37)
t 3 / 4 
s
A slightly different probability distribution is obtained 
if the molecule starts its migration in an adsorbed state 




where t and t are the time spent in the stationary ands m c
mobile phases, respectively. The above two expressions have 
been derived for a large number of adsorptions and desorptions 
when the elapsed time is large compared to the time required
for adsorption or desorption. These two asymtotic expressions
24 
can be expressed in the form of a Gaussian profile , which is
P = constant x exp(-k -.At 2 /4t) (2.2-39)
d S o
which is identical to the Gaussian profile
P = constantx exp(-At 2 /2i 2 ) (2.2-40)
s
55
in its dependence on the time At which is the departure of
t from the mean, t .
o S
The plate height contribution due to this approach is
H = 2R(1-R)v/kd (2.2-41)
This equation is identical to that derived by the random 
walk model provided that 1/k, is replaced by the mean desorp-
tion time t,. d
2 3 This one-site stochastic theory of Giddings and Eyring
25 has since been extended. Giddings has formulated two-site
theory in terms of complex double summations. Giddings
developed a somewhat simplified integral expression from which
26 a sample profile was computed. McQuarrie has formulated
both the two site and the general n-site problem but the 
results are too complex to be readily usable.
2.2.5 Non-Equilibrium and Generalized Non-Equilibrium 
Theories
The non-equilibrium approach is based on entirely different. 
considerations than the random walk approach and stochastic 
theory. The single molecular events of the random walk 
approach and the stochastic theory have been replaced by the 
overall concentration changes at a given point down the column 
which result from the flow and kinetic processes of chromato- 
graphy.
As a concentration profile, representing a chromatographic 
zone, moves down the column, both the leading edge and tail
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end of the zone have concentrations of solute that are
more than and less than the equilibrium respectively.
This is explained in terms of non-equilibrium and the degree
of non-equilibrium is dependent on the rate of sorption and
22 23 
desorption of solutes and velocity of migration. ' The
non-equilibrium approach is, therefore, used only for the 
calculation of the C (or rate) term in the plate height 
expression which is related to the transfer of solutes between 
regions having different velocities. C is often called the 
mass transfer term or the non-equilibrium term.
The plate height contribution by this consideration is 
identical to the equation derived from stochastic theory and 
with the equation derived from the random walk theory which 
is
H = 2R(1-R) v/kd (2.2-42)
On the derivation of this equation two assumptions have been 
made, namely a near-equilibrium assumption where a rapid 
exchange of solute between the mobile and stationary phase 
maintain a near-equilibrium condition and the assumption of 
the existence of a uniform or one-site surface containing 
equivalent or homogenous sites. Mass transfer by diffusional 
transport has been neglected in this consideration.
The non-equilibrium theory has been extended and 
generalized in view of the known complexity of chromatographic 
materials. The generalized non-equilibrium theory is, there­ 
fore, applicable to a number of real chromatographic problems, 
like the existence of heterogenous surfaces, the existence of
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mixed mass-transfer mechanism where both mass transfer by 
step-wise kinetics and diffusional transport are considered
The contributions to H by different chromatographic 
processes have been tabulated in table 2.2-3 according to 
the various approaches and theories discussed above.
Table 2.2-3
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= Diffusion coefficient of solute in mobile and
stationary phase respectively. 
= mobile phase velocity 
= obstructive factor 
= equilibrium faction of solute in the mobile
phase 
= 1/1+k'
= mean desorption time 
= mean desorption rate
k , k 14 , k- 7 = rate constants for adsorption step
f 2' ^4 = fraction proceeding from initial to complete
adsorption 
d = depth of stationary phase
d = rod diameter 
P
q = configuration factor
S 2 Dv 2 
w _ = —————— where S is the distance a molecule must1 2d 2 v 2
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3.1 Historical background of carbon in LC
In classical liquid chromatography, prior to 1955,
charcoal was among the most popular of chromatographic
1 2 adsorbents. ' The early fundamental studies carried out
by Tiselius and co-workers in column liquid chromatography 
all used activated carbons. ' At this time, activated
carbons were widely used for the study of adsorption of
5 6 
hydrocarbons without substituted groups ' and of hydrocarbons
2 7-9 containing them. ' Some papers discuss the adsorption
isotherms, ' others are concerned with the heats of wetting. ' 
However, its use gradually decreased due to the poor peak 
shapes so often obtained and the competition from silica gel 
in TLC. However, with the realisation of the disadvantages 
of silica based particles an intense search for new adsorbents 
is now occurring owing to the rapid proliferation of HPLC. 
Due to the fact that chemically bonded phases are not stable 
under all conditions and cannot solve all separation problems, 
there is a growing need to find non-polar adsorbents in LC. 
Carbon adsorbents are, therefore, of special interest and 
they offer a pronounced lipophilic or reversed-phase surface.
A carbon adsorbent in the form of diamond was used by
1 2 Telepchak for the separation of benzene and anthracene.
The chromatograms are shown in figure 3.1-1 (a and b). In
spite of its unique mechanical properties and nearly non-polar
surface, this material has not found application due to its
low specific surface area and high cost. However, in the
13,14 
last few years, following the extensive work of Kiselev,








8 mms 24 mins
Flow Rate ; 0.2 ml/min 
Eluent: (a) : 50%Methanol/H2 0
(b) 30%Methanol/H 2 0
FIG.3.1-1: REVERSED - PHASE ADSORPTION
ON DIAMOND (ref. 12)
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been used in LC. These are composed of colloidal particles 
of graphitized carbons with an average diameter between 0.01 
and 0.5|im. The microparticles cannot, of course, be used 
directly in chromatography but they must be pellitized to 
form aggregates but, unfortunately, such aggregates are very 
fragile and are easily destroyed by shear forces due to the 
liquid flow during column operation or column packing. In
addition, graphitized carbon blacks (GCTB) generally have a
2 -1 
low surface area (5-1Om g ) are, therefore, easily overloaded.
A form of graphitized carbon black is now marketed by Supelco 
under the trade name Carbopack for GC. This material was 
developed by Liberti and co-workers and is in the form of
weakly bound spherical pellets, but made from Saran Charcoal
1 5 
rather than carbon black. It has been used recently in LC
but can withstand only relative low pressures and is too 
fragile to be regarded as a realistic candidate for a LC 
packing material.
Benze'ne and other hydrocarbons can be pyrolyzed into
1 £ _ 1 Q
various forms of pyrolytic carbon. If this pyrolytic 
carbon is deposited on carbon black particles their hardness is
much increased. Barmakova et al. applied this idea to
20 
GC. Guiochon and co-workers used this technique in LC.
They started from carbon black aggregates of 5-50um in size. 
Carbon black was obtained from Cabot, Neuilly, France (Sterling 
FTFF) as the basis for a material of small specific surface 
area and Black Pearls from Cabot, Boston, U.S.A. for larger 
specific surface area. The mechanical strength of the trial 
material was much greater than the original aggregates but 
was still insufficient for LC. They subsequently performed
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the pyrolysis of benzene on silica gels such as Spherosil 
XOA 600, and XOB 75 and 75(im Partisil instead of carbon black. 
The percentage of pyrocarbon deposited was somewhat critical 
for the amount deposited should eliminate the sorption pro­ 
perties of the silica while not giving so thick a layer that 
pores were completely blocked and efficiently reduced; 15-20%
proved the optimum but up to 50% deposition still gave useful
21 materials. Unger et al. adopted another approach using
purified and calcined active charcoal and cokes which were
mechanically hard but had very low surface areas of only a
2—1 22 few m g . More recently still, Plzak et al. prepared a
new carbon adsorbent by reduction of polytetrafluoroethylene 
(PTFE) with alkali-metal amalgams in vacuo at 100°C. This
procedure produced a highly active carbon of extremely large
2 -1 surface area in the region of 2000 m g . The so-called
11 Jado-Carbon" could be modified by various treatments including
high-temperature heating treatment to give materials of areas
2 -1
as low as 20 m g . The carbon powder obtained exhibits very
good mechanical properties for packing HPLC columns but shows 
poor chromatographic characteristics.
Inspite of the efforts made to produce suitable carbons 
for LC, it is readily seen from the published chromatograms 
that poor chromatographic performance has been obtained so 
far. Peaks are badly tailed especially when solutes are 
significantly retained and plate efficiencies are low. This 
is attributed to the fact that the surface of carbon adsorbent 
is heterogenous and strong adsorption of molecules occurs at 
rare but particularly active sites on the adsorbent surface. 
In summary, the only carbon to give good peak shapes is
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graphitized carbon black (Carbopack) but this is too weak 
for HPLC.
A novel carbon was recently described by Knox and
23Gilbert and which was originally called porous glassy carbon.
They conceived the idea of making porous carbon by impreg­ 
nating the pores of a silica template by a polymer such as 
the phenol-hexamine resin. The material was subsequently 
carbonised at 900°C in an inert atmosphere. The template 
was dissolved out by alcoholic KOH at 120°C and the carbon 
obtained was heated in argon at temperatures greater than 
2340°C to improve its surface, remove micropores and provide 
adequate mechanical strength. The method of production of PGC 
has now been improved so that its kinetic performance in LC 
has been enhanced. The details of the production and its 
modifications will be dealt with in greater detail in Chapter 
6.
3.2 Desirable characteristics of a column packing material 
with reference to carbon
To be applicable as a packing in HPLC, a particulate 
carbon should possess the following characteristics: (i) suf­ 
ficient hardness to withstand high pressures, (ii) a well- 
defined, reproducible and stable surface which shows no change
during chromatographic work or storage , (iii) a specific surface
2 area in the range of 50 to 500 m /g to give adequate retention
of solutes and to maintain a reasonable linear sample capacity, 
(iv) a mean pore size not less than 1Onm and an absence of 
micropores in order to ensure rapid mass transfer of solutes
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into and out of the particles, (v) ease of preparation by 
a simply controlled, low-cost process (vi) uniform surface 
energy to give linear adsorption isotherm.
An essential requirement of any final material for HPLC 
is that it must possess sufficient hardness to withstand high 
pressures and high eluent flow rates during column packing 
and operation. The hardness of carbon is directly related 
to its molecular and pore structures. Layer-type materials 
such as graphite are soft whereas amorphous glassy carbons 
possess high mechanical strength due to their microcrystalline 
mosaic structure. Between these two limiting cases a large 
number of structural intermediates exists. One of them is
the so-called turbostratic structure proposed by-Biscoe and
24 Warren. The layers in such carbon materials are "arranged
roughly parallel and equidistant but are not otherwise 
mutually oriented'. It may be concluded that because of their 
low mechanical strength highly ordered graphite-like carbons 
are less likely to be suited as packings in HPLC than amorphous 
carbons.
Particle porosity also has an important effect on 
mechanical strength. In general, particles are too fragile 
for HPLC when the particle porosity exceeds about 70% (a 
typical silica gel, for example, has a particle porosity of 
about 55%) . Each population of pores contributes to the total 
specific surface area. In general, active carbons have high 
surface areas whereas graphitized materials have low surface 
areas. Carbons having high surface areas due to micropores 
are not suitable for use in liquid chromatography on account
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of slow mass transfer and too high retention. Undoubtedly, 
one of the major problems in the manufacture of porous 
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4.1 Production of Polymeric Carbons
4.1.1 Introduction
Carbon exists in many forms, but of these only two, 
diamond and graphite, can be completely characterized. 
These are the true allotropes of carbon and both occur nat­ 
urally. However, a wide range of artificial bulk carbons 
have been prepared for industrial use. These include dense 
electrode carbons, nuclear reactor carbons, active carbons 
(for decolorizing materials), carbon films and glassy carbons. 
Artificially produced carbons can be categorized into cokes 
and chars but this historic distinction between the types of 
carbon is not clear cut because a continuous gradation exists 
between the two types.
Organic compounds are the main and almost exclusive raw 
materials for the production of synthetic carbons and graphites 
When many high polymers are heated in an inert atmosphere to 
temperatures above 300°C they lose much of their non-carbon 
content as organic vapours and leave a residue consisting of 
carbon. The process is termed carbonization or pyrolysis. 
Until recently, two types of carbon were distinguished. If 
the material passed through a liquid or tarry state immediately 
prior to carbonization the resultant carbon is termed a coke: 
if it does not pass through such an intermediate phase, the 
resultant product is called a char. The most common and, 
indeed, the earliest known char is charcoal which is the 
carbon produced by carbonizing wood. Correspondingly the 
most common coke is produced by the pyrolysis or partial
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combustion of coal or heavy oil. However, more recently 
other methods of making carbons have been developed. Carbon
fibres are produced by the carbonization of different poly-
1 2 mers. ' A relatively new form of carbon, glassy carbon, can
now be produced by the carbonization of phenolic resins 
which are also the basis of production of the novel form of 
carbon, porous glassy carbon (or PGC for short) which is the 
subject of this thesis. The pyrolysis of the resin is now 
discussed in more detail.
4.1.2 Phenolic Resins
Phenolic resins constitute an important group of polymers 
in which the chain consists of phenolic groups linked by 
methylenes (-CH^). They are formed by a condensation reaction 
between phenol and hexamine (or formaldehyde) with elimination 
of ammonia and water. They can be produced by either a one- 
stage or a two-stage process.
In the one-stage process, phenol is reacted with excess 
formaldehyde so that the phenol-to-formaldehyde (P:F) molar 
ratio is less than one. The mixture is heated in the presence 
of alkaline catalysts such as sodium hydroxide or ammonia. 
The actual degree of polycondensation can be controlled to 
form either a 'resol 1 which is a short low molecular weight, 
•linear polymer and completely soluble in the alkaline solution 
or a 'resitol 1 which is a long linear polymer with slight 
amount of cross-linking between chains. Resitol is insoluble 
in alkaline solution but readily soluble in organic solvents. 
When heated to a higher temperature, resitol undergoes extensive
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cross-linking to form a hard and insoluble resin.
When the amount of formaldehyde is reduced so that the 
P:F ratio is greater than one, it requires a two-stage process 
to form a phenolic resin. The reaction is allowed to proceed 
in the presence of an acid catalyst until no further chemical 
changes take place. The resin formed called 'Novalac' is 
fusible and soluble in organic solvents. It is then ground 
and treated with hexamine to form a hard, infusible resin with 
methylene cross-links.
If, on the other hand, hexamine [N.(CH n ) r ] is used
4 Z D
instead of formaldehyde, no catalyst is required, and, no 
matter what the P:F ratio is, the resin is made in a one-step 
process because the ammonia released acts as a catalyst in the 
process. The use of hexamine, therefore, simplifies the 
whole procedure and for this reason was adopted for the produc­ 
tion of PGC.
4 According to Zinke nitrogen in the resin exists in the
form of dimethylene-amino bridges. In a resin with excess 
phenol, nitrogen is eliminated as ammonia resulting in the 
formation of methylene bridges giving a phenol-methylene 
structure as shown in figure 4.1-1. It has been established 
that a nitrogen-free resin is formed by heating 6 phenol: 
1 hexamine (molar ratio) and that all the nitrogen in hexamine 
escapes as ammonia during polymerization. Fitzer et a_l. 
consider that between 100 and 300°C polymerization continues 
to form long chain polymers.
4.1.3 Carbonisation of Phenolic Resins
Carbonization (pyrolysis) of polymers is normally carried
FIG.4.1-1 : (a)STRUCTURE OF LINEAR
POLYMER OF PHENOL-HEXAMINE;
(b)STRUCTURE OF RESIN OF 
PHENOL-HEXAMINE
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out in an inert atmosphere and its various stages are
6 7 illustrated in figure 4.1-2. ' When strongly cross-linked
polymers containing oxygen are pyrolysed, it is evident that 
condensation, oxidation, dehydration and decomposition may 
occur as both parallel and sequential reactions. In almost 
all cases, pyrolysis takes place in the solid state. The 
first step in the pyrolysis of phenolic resins, as the poly­ 
mer is heated from 300°C, is assumed to be the formation of 
ether bonds (III) by the reaction of two phenolic groups, 
accompanied by the release of water. In parallel to this 
reaction, a condensation of a phenolic group with a methylene 
group occurs to yield a triphenyl-methane structure (IV). 
The cyclic ether diphenylpyran (V), identified as being pro­ 
duced above 400°C, can be explained by a chemical condensation 
of two phenolic groups accompanied by cyclization.
Due to instability at temperatures around 400°C, the 
pyran ring releases methane and yields the more stable furan 
ring (VI). Above 450°C, the remaining methylene bridge (VII) 
is oxidized by the water of pyrolysis to form keto groups 
(VIII). Above 400°C, the keto groups release carbon monoxide, 
thus yielding the biphenyl structures (IX). There are no 
definite data available regarding the further course of the 
pyrolysis. Dibenzofuran (VI) is assumed to be formed at 
temperatures above 600°C.
Solid-state pyrolysis results in the formation of aromatic 
sheets or groups that are randomly orientated with respect to 
each other. There is not sufficient mobility of these 
groups for rearrangement to occur to give ordered groups. 






































































































structures (IX), it is not sufficient to result in good 
graphitizability. At the same time, the strong cross-link­ 
ages renders the release of low molecular weight fragments
difficult and this leads to a high carbon yield. In the
8 — 10 
case of phenolic polymers the carbon yields amounts to 84%
of the original carbon or about 50% of the original polymer 
weight. The pyrolysis gases consist primarily of water,
carbon monoxide, carbon dioxide, methane and hydrogen.
11 Figure 4.1-3 shows the weight loss of a 12:1 and 6:1
resin as a function of heat treatment temperature. A marked 
weight loss is observed between 300 and 400°C which corresponds
to the change in chemical structure detected by infra-red
11 spectroscopy. The rate of weight loss decreases gradually
up to 1250°C and, thereafter, the weight remains constant. 
The weight loss of a resin is highly dependent on the molar 
ratio of phenol to hexamine. The weight loss of the 6:1 
mixture follows the same shape as that of the 12:1 mixture 
but the final weight loss is reduced to 49.6% compared to 
60% because the 12:1 mixture contains excess phenol molecules 
which cannot be linked together with methylene bridges. The
weight loss of the resin is accompanied by a sharp decrease
1 2 
in bulk density of the resin as illustrated in figure 4.1-4
but above 500°C, the density increases rapidly with the
removal of a relatively small mass of material - mainly hydrogen
1 2 as shown in figure 4.1-5 while the body of the material
shrinks.
The rate of heating during pyrolysis has a profound 
influence on both the carbon yield and the carbon properties 
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FIG.4.1-4: BULK DENSITY OF PYROLYZED
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FIG.4.1 -5 : CHEMICAL COMPOSITION
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RESIN ( from Ref. 12 )
73
morphology of the final carbon for the purpose of obtaining 
certain quality characteristics. The morphology is influenced 
not only by the chemistry of the reactions but also by the 
mass and heat transport phenomena during the pyrolysis. It 
depends on whether the compounds to be pyrolyzed are solid, 
liquid or gaseous, as well as on the rate of energy input and 
rate of diffusion to the carbon nuclei of molecules undergoing 
pyrolysis. The morphology also depends on the ease of escape 
of the volatile by-products. Dense carbon without micro­ 
scopically detectable pores is obtained either by slow gas 
phase pyrolysis of hydrocarbons (pyrolytic carbon deposition) 
or by slow carbonization of non-melting cross-linked polymers 
(formation of glass-like carbon with uniform pores having a
o
diameter of 25A or less).
4.1.4 High Temperature Treatments (HTT)
Carbons obtained at temperatures up to 1000°C are 
generally highly microporous with very high surface areas. 
Such carbons have been found unsuitable for use in liquid 
chromatography due to their high retention of solutes and the 
poor peak shapes arising from non-linear adsorption isotherms 
for solutes. There is, therefore, the need to subject the 
carbon to higher heating temperatures to bring about the 
structural rearrangement necessary for the closing up of 
micropores. The distinction between high temperature treat­ 
ments of carbons and true graphitization and the effect of 
temperature on the structure of carbons will be discussed in 
section 4.2.
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4.2 Structure of Carbons
4.2.1 Introduction
The structure of carbon has intrigued crystallographers 
for decades. Part of the fascination stems from the fact 
that, in addition to its two well-defined allotropic forms, 
diamond and graphite, carbon can take a great number of 
quasi-crystalline forms varying continuously from the near 
amorphous to the highly crystalline state. The history of 
X-ray studies on carbon and graphite is closely linked to the 
development of theory and experiment of X-ray diffraction 
itself. Graphite was one of the first substances investigated 
by X-ray diffraction and the study of carbons will be made in 
comparison with that of graphite.
4.2.2 Structure of Graphite
The valence electrons of carbon permit trigonal and TT 
bonding between each atom and its three neighbours. Such 
bonding results in the formation of a two-dimensional hexa­ 
gonal lattice as shown in figure 4.2-1. The hexagonal form 
of graphite is the equilibrium state of the element carbon 
over a large range of temperatures and pressures including 
the normal conditions. It consists of two-dimensional flat 
sheets which are stacked in a ABABAB sequence above each other 
as shown in figure 4.2-2(a).Debye and Scherrer had first
proposed that planes were registered one above the other in a
1 4 AAAA sequence. Hull , on the other hand, disagreed with the
Debye-Scherrer postulate and proposed that adjacent layers

















































were translated by a bond length and that only alternate 
layers had identical projections. This sequence is desig­ 
nated A-B-A-B-A ... , its cell is represented by a simple
hexagonal lattice. It is now accepted that the equilibrium
1 4 structure of graphite is that proposed by Hull and con-
1 5 firmed by Bernal. The hexagonal lattice became the
accepted lattice for a graphite.
The hexagonal lattice consists of plane layers of carbon 
atoms covalently bonded in a regular open-centred hexagonal
o
array. The distance between carbon atoms is 1.42A while
o
between perfect sheets the interlayer spacing is 3.354A. The 
bonds in the basal plane are extremely stiff and strong and so 
the modulus in the a-direction is very high; the material 
can withstand temperatures of 3300°C before breaking up by 
thermal degradation alone. The bonds between the planes 
are of the weak van der Waals type and so the crystal can be 
sheared and cleaved easily in the plane perpendicular to 
the c-axis even at very low temperatures.
Later studies of graphite have revealed lines in X-ray
patterns in addition to those expected for the Bernal struc-
1 6 ture. Lipson and Stokes succeeded in interpreting some
supplementary lines in powder photographs of well crystallized 
graphite. These lines indicate the existence of another 
lattice besides the hexagonal; the difference between the 
two resides in the stacking sequence of the layers which is 
ABCABC rather than ABABAB of the Bernal structure. This 
form, termed the rhombohedral form, occurs to the extent of 
a few percent in most samples of graphite.
4.2.3 X-Ray Diffraction Study of Carbons
4.2.3.1 Measurement of crystallite sizes
The layer diameter, La , and the stack height, L , of 
the crystal considered as a right cylinder are measured in 
the crystallographic a and c direction and may be obtained 
from measurements of diffraction peaks. The interlayer 
spacing is obtained from the angle at which the corresponding
peak is diffracted.
1 7 In 1918, Scherrer gave an expression relating the
edge dimension, L, of a cubic crystal to the pure X-ray 
diffraction line width, B, given by a powder comprised of 
such crystals:
L = KX/B cos 9
where X is the wavelength of the X-ray radiation, 9 is the 
Bragg angle and K is a constant of the order of unity (Scherrer
constant). The validity and applicability of this formula
18 19 has been reviewed by Drenck and by Klug and Alexander
Line breadths, B, may be measured in radians at different 
fraction of the peak height, usually half peak height. 
In this case, K is close to unity. Accordingly:
L = 1.00 X/B ,j>cos 9
20 Warren was the first to show that carbon black either
"graphitized" or "as formed" at around 1000°C are not truly 
amorphous but rather contain atomic spacings close to those 
within a single graphite sheet. He suggested that carbon is 
a heterogenous mixture of atomic groupings ranging from single 
graphite sheets up to crystallites several layers thick.
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21 In 1941, Warren made a further advance of presenting
the relation between crystal size and line broadening of 
two-dimensional reflections from random-layer lattices as
exemplified by the dimension L- and the 110,100 and 002a
reflections due to the graphitic layers of turbostratic 
carbons. He obtained an equation similar to that of 
Scherrer but with a value of the constant K = 1.84, that is
L = 1.84X/B! cos 6 (for turbostratic carbons) a 2
22Franklin found that the layer diameter in pyrolytic
carbons as calculated using Warren's method was one order
lower than that determined with an electron microscope.
2 3 Diamond explained this by showing that a Gaussian strain
distribution in an aromatic layer which would be caused by 
bending or twisting of graphite sheets would considerably 
reduce the average layer diameter determined by X-ray diffrac­ 
tion. No significant discrepancy has however been reported 
between the calculated crystallite size, L , and the average
\^
thickness observed in graphite crystallites.
Soon after the development of the theory of diffraction
24for random layer lattices, Biscoe and Warren showed experi­ 
mentally that the layers present in carbon are arranged 
roughly parallel and equidistant but are not otherwise 
mutually oriented. The layer spacing was found to be some­ 
what greater than that found in graphite. In figure 4.2-2 
the layer arrangement in graphite is compared with that found 
in turbostratic carbons.
In using Warren's formula, both the 100 and 110 reflections
7 a
will give a 'mean diameter 1 of the graphite layers although 
it is found that the two reflections .do not always give the 
same result!
Also, the proper application of the Scherrer and Warren 
formula to very small crystals is doubtful. This is because 
such small crystals are associated with very diffuse reci­
procal lattice points for which the interference function
25 may be non-zero over an appreciable volume about this point.
o -5 OR O C.
It is because of these objections that Diamond ' ' evolved
his method for measuring the crystal size of very small
27 crystals of turbostratic carbons. Diamond used a slightly
modified Scherrer-type equation relating L to the width of thea
110 band, that is:
L 1 1Q = 0.71X/A sin 9
o o
Diamond's empirical formula holds for 8A < L < 20A.a
Thus there appears to be some disagreement about the 
value of the Scherrer constant. Diamond proposes 0.71 while
Warren uses 1.84.
28 Using the usual Scherrer equation for the height of
the crystallites, L ,
\*
L = 0.94A/B, ovCos 0 c
Biscoe and Warren found that the L and L of carbonsa c
were proportional to one another. This result and those of
29 3031Franklin and others ' have shown that L is usually in thea
range L < L < 2L .
C c* ^
The mean diameter, L , measured in the a-direction, isa
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usually determined from the (110) line, whereas the average 
thickness measured in the c-direction, L , is most commonly
Vw
measured from the (002) line.
4.2.3.2 X-Ray diffraction patterns of graphite and glassy 
carbon
X-Ray crystallography is a very powerful tool for 
deciphering the structure of the wide variety of carbons 
available. A crystalline material such as natural graphite, 
gives sharp, well-defined X-ray diffraction lines, materials 
with lower degrees of crystallinity give more diffuse peaks 
or indeed complete absence of certain peaks. Natural 
graphite has been extensively studied by X-ray crystallo- 
graphers. As discussed earlier, there is perfect orientation 
(ABABAB or ABCABC) between layers as represented in figure 
4.2-2 (a). The X-ray diffractions of graphite, 
therefore, show a definite three-dimensional structure which 
represents the stable Bernal structure. The peak of highest 
intensity is derived from the spacing between extensive 
graphite sheets and is designated (002) with a Bragg or inter-
o
layer spacing of 3.355A. A second type of peak, (100), 
related to the spacing between carbon atoms within a sheet is 
also observed. At the same time, because of perfect orien­ 
tation between the layers, strong (hkl) lines are seen.
Figure 4.2-3 illustrates the X-ray diffraction pattern
of natural graphite and the gradual transition to the pattern
32 33 for two-dimensional graphites. Gay and Gasparoux have
calculated the relative intensities of diffraction peaks for 
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The (00£) lines are very intense and (hk&) lines are 
clearly present. The strong peak at (101) is related to
the extent to which extensive graphite sheets are in ABABAB
34 
registration. According to Jenkins and Kawamura only
carbons which show a definite (101) line can really be defined 
as graphites. As we pass from a three-dimensional crystal to 
a two-dimensional crystal there is the gradual disappearance 
of the (hk&) lines and the displacement of the (00A) lines 
towards lower angles.
Most carbons heated to very high temperatures (tempera­ 
tures greater than 2000°C) do show extensive graphite-like 
layers, but only random orientation of the layers as shown 
in figure 4.2-2(b) .
X-ray diffractograms of these carbons show only three 
peaks corresponding to two-dimensional ordering with the (00&) 
peaks displaced towards slightly lower angles due to a greater 
spacing between layers. The (100) peak, which is due to 
diffraction within each layer, is also observed. The absence 
of (101) peak or the <hk£) lines in these carbons indicate the 
1 turbostratic' character of these carbons. The peaks are 
also broad and asymmetrical which is typical of non-graphitic 
carbons. The X-ray diffractogram of glassy carbon (produced 
from phenolic resin) also illustrated in figure 4.2-3 shows 
still broader peaks. The (002) diffraction line is very 
broad, and displaced still further towards low angles and the 
(101) peak is completely absent. The (100) peak is broad and 
diffuse and merges into the (004) band. On the other hand, 
the X-ray diffractogram of amorphous carbon is extremely broad 
as seen in figure 4.2-3 for glassy carbon heated to 500°C.
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4.2.4 Graphitization 
4.2.4.1 The meaning of graphitization
As discussed earlier in the section, the stable Bernal 
structure represents the equilibrium structure of graphite. 
At pressures below about 130 kbar, carbon in any other form 
tends to evolve into the Bernal structure if given an oppor­ 
tunity to do so. This is the process of graphitization. 
The development of the stable Bernal structure can occur by 
way of two very different processes. The first involves the 
transformation from one well ordered relatively perfect 
crystallographic phase to another; the second involves the 
development of an ordered crystalline structure from an
initially disordered or defective solid. Examples of the
35-37 first would be the thermal graphitization of diamond and
the transformation of rhombohedral graphite (ABCABC stacking)
35-44 to the equilibrium hexagonal ABABAB stacking . The
process which occurs in most synthetic carbons represents 
transformation of the second type. Thus, the term graphiti­ 
zation should strictly be used only to refer to the develop­ 
ment of three-dimensional order or crystallinity in an 
initially disordered carbon or a carbon with a different 
ordered structure.
Based on this ability or inability of carbons to develop 
the stable Bernal structure two forms of carbon can be dis­ 
tinguished namely the "hard" nongraphitizing carbons and the 
"soft" graphitizing carbons. The "hard" carbons which include 
glassy or vitreous carbon, cellulose carbon and several types
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of carbon fibres and chars, retain a very imperfect struc­ 
ture even after prolonged treatment at very high temperatures 
under ordinary ambient pressures. Substantially complete 
graphitization of such carbons can be achieved only under the 
influence of combined high pressure and high temperature, or 
through the action of catalytic agents such as metal carbides 
at elevated temperatures. On the other hand, with diamond 
and the "soft" carbons such as conventional petroleum and pitch 
cokes, pyrolytic carbons full graphitization can occur at 
ambient pressure as a result of thermal treatment alone.
In these cases, graphitization is a thermally activated
46 process
Hard and soft carbons can be distinguished by a study of
the X-ray diffraction pattern of carbons. According to
45 Franklin graphitizing and non-graphitizing carbons can be
easily distinguished by a difference of the apparent stack 
height and the apparent layer size observed well below the range 
of temperatures in which graphitization occurs. For equal 
apparent layer area, the apparent stack height (average 
number of layers per stack) is greater for a graphitizing than 
for a non-graphitizing carbon; thus, the layer stacking is 
more perfect in graphitizing than in non-graphitizing carbons.
o
A minimum value of layer diameter (L .) 100-150A for layera
ordering is required at lower temperatures if the carbon is 
to be graphitizable
Following the explanation of graphitization it has been 
postulated that the degree of graphitization,(g) can be calculated 
from d, the mean interlayer spacing of the material derived 






d is known to decrease monotonically with the develop­ 
ment of the structure from "d£0.344 nm in disordered carbon 
to 0.3354 nm for near perfect graphite at room temperature.
4.2.4.2 Nature of the graphitization process
The carbonization of phenolic resins up to 1000°C leads
to the formation of disordered or amorphous carbons. Heating
46 to temperatures up to 3000°C then produces partially ordered
or turbostratic carbons which include small clusters of carbon 
atoms some of which have a proto-graphitic structure. The
model is often called the turbostratic model and was first
46 proposed by Warren . Carbon blacks can also be described
by the turbostratic model. In these forms of carbon, graphitic 
planes of aromatic rings, though present, are not regularly 
registered as seen in graphite but are randomly orientated.
The turbostratic model has been extensively explored and
^ ^ T T j i 46-51 _ .,. 45,52,53 , developed by Warren and co-workers , Franklin and
Bacon " . According to these workers, the growth of both 
apparent crystallite size and layer ordering in graphitization 
occurs due to the growth of both whole layer plane segments 
rather than the motion of individual atoms. The inadequacies
of the turbostratic model was first pointed out by Mering
59 and Maire . They proposed a model based on the existence
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of 'interstitial' carbon atoms firmly attached to each side 
of each plane of disordered graphitized carbons. These 
interstitials are assumed to be the cause of the lattice 
distortion and increased interlayer spacing. Different 
concentrations of interstitial defects account for the 
differences in the properties and graphitization behaviour 
of carbons ' . Schiller and Mering explained the 
graphitization process in terms of an initial transition from 
a random to an ordered arrangement of the interstitials 
relative to the hexagonal structure of the layers to which 
they are attached followed by the removal of these defects 
from first one side and then the other of each layer resulting 
in the formation of an ordered ABABAB stacking sequence and 
the properties of graphite. Mering acknowledged two 
deficiencies of the model. Firstly, the studies were done 
on a single class of graphitizing carbons (polyvinylchloride 
and conventional pitch cokes) and its applicability to other 
carbon types such as carbon blacks was not established. 
Secondly, there is little direct evidence for the physical 
reality of the postulated interstitial imperfections. As in 
Mering's model, Ruland ' also attributed graphitization 
to the annealing out of defects and Pacault also indicated 
that the elimination of defects during high heat treatment 
is important in the graphitization process. Graphitization 
can, therefore, be more aptly described in terms of the 
progressive removal of defects within and between the layers 
which stabilize the disordered structure.
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4.2.4.3 Catalytic Graphitization
It is well established that the rate and degree of 
graphitization can be greatly accelerated bu the presence of 
some catalysts. This enhancement, is, of course, most 
dramatic in the case of carbons which do not graphitize 
significantly under the influence of thermal treatment alone. 
For these carbons the effectiveness of a graphitization aid 
depends on its ability to promote a substantial reorganiza­ 
tion of the structure.
A number of carbides and carbide-forming metals are well-
6 fi fi 7 known graphitization catalysts ' . According to Fitzer
et al. and Gillot et al., fine carbide particles can 
burrow randomly through a glassy carbon matrix, ingesting 
carbon on the leading surface of the particle and depositing 
it as graphite at the tailing surface as illustrated in figure 
4.2-5. It is postulated that free metal diffuses along the 
surface of the carbide particle to react with disordered 
carbon. In this way, 2-5 weight percent of vanadium carbide
can completely graphitize furfuryl alcohol coke in 20 hrs at
ft 7 fi ft 2200°C. Schwartz and Bokros worked on the graphitization
of pyrolytic carbon codeposited with titanium. A titanium 
content of 5-7% resulted in complete graphitization after 4 hrs 
at 2200°C. Nickel is another well known catalyst for 
graphitization and, at high pressures, it is important for the 
formation of diamond . Robertson also reported
catalytic effects of iron and cobalt. The nickel apparently
72 catalyzes the pyrolysis process as well as the graphitization








FIG.4.2 -5 : MIGRATION OF CARBIDE
PARTICLE THROUGH VITREOUS 




hard carbons has been attributed to the formation and
decomposition of iron carbide (Fe-C) under certain condi- 
,73,74tions
•j r ~j C
Observations made by Noda and Inagaki ' showed that 
graphitization of petroleum coke and carbon black was en­ 
hanced by oxidizing atmospheres. The effect decreased with
-2 
decreasing pressure in air (1 atm to 10 Torr). It seems
likely that oxygen attacks chemically active defect sites, 
such as distorted or cross-link bonds, which must be removed
for graphitization to proceed. A mechanism of this type has
77 also been suggested by Pearce and Heintz
CONCLUSIONS: CHAPTER 4
Today, there are a large number of synthetic carbons 
available commercially. The X-ray diffraction technique 
can be valuable in studying the structure of the available 
carbons, bearing in mind that only carbons exhibiting X-ray 
diffraction pattern characteristic of the true Bernal 
Structure can be termed true 3d-graphites.
Some amorphous carbons are called "soft" carbons, as 
heating to temperatures in the range 2500-3000°C, form true 
three-dimensional graphite crystallites having the Bernal 
Structure in which graphitic layers of hexagonally arranged 
carbon atoms are present correctly registered in the sequence 
ABABAB . . . Other amorphous carbons are called "hard" carbons 
and these carbons will not form 3-dimensional Bernal graphite 
when heated to 2500-3000°C. Instead they form graphites 
with random orientation of graphitic sheets. These graphites 
are also called turbostratic graphites. They do not convert 
to 3-dimensional graphite except under high pressure and 
temperature combined, or through metal catalyzed graphitization 
The turbostratic graphites may also be called 2-dimensional
o
graphites. Layer spacing in 3-D graphite is 3.354A while
o
in 2-D graphite it is around 3.40A. The two forms are easily 
distinguished by X-ray crystallography since the 3-D graphites 
show (hk£) reflections and, in particular, a strong (101) 
reflection whereas the 2-D graphites show only (oo&) and 
(hko) reflections which are rather diffuse and may be
o
asymmetric reflecting crystallite size in the region of 100A. 
Some forms of carbon will, therefore, be examined in Chapter 6
88
to determine their structure.
The phenol-formaldehyde resins used in the work yield 
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EXPERIMENTAL METHODS AND EQUIPMENT
5.1 Production of Porous 2 D-Graphitic Carbon (PGC)
5.1.1 Introduction
Knox and Gilbert 1 described a general scheme for the 
production of a porous carbon which they called porous glassy 
carbon. As will be discussed in Chapter 6, structural study 
of this carbon indicated that, in fact it is a 2D-graphitic 
carbon. In their process, a phenol-hexamine polymer was 
produced within a porous template such as silica gel. The 
silica-polymer material was then heated in an inert atmosphere 
(nitrogen) up to a temperature of 900°C to carbonise the 
polymer. Silica was then dissolved out by boiling alcoholic 
potassium hydroxide. Thermal gravimetric analysis was used 
to measure the amount of silica that remained in the carbon. 
The amorphous carbon formed at this stage was then subjected 
to high temperature treatments to improve its performance in 
LC. This general scheme is illustrated in figure 5.1.-1. 
By this method, two reasonably good batches of PGC were 
produced; (PGC 26 and PGC 19); both used porous silica which 
was commercially available. Of the two batches, PGC 19, a 
large particle material, performed very well in GC. PGC 26, 
a small particulate material designed for HPLC, was found to 
be very fragile and gave high back pressures which allowed a 
maximum flow rate of only 0.5 ml/min. but, nevertheless, gave 
encouraging separation of test solutes. The polymerization 
pathway of these two batches of PGC is illustrated in figure 
















































































































































































































































molar ratio) melt was loaded on to Hypersil (a 5 |im 
spherical silica gel) by evaporation of acetone; the material 
was then subsequently polymerized at 150°C for five hours. 
Excess phenol-hexamine was used compared with the amount 
required to fill the pore volume of the silica template. 
Carbonisation was carried out at 1°C/min up to 400°C and 
then rapidly to 900°C for five hours. Silica was then dis­ 
solved out but 40% of silica still remained in the carbon. 
In the production of PGC 19, a phenol-hexamine molar ratio 
of 4:1 was used to fill the pores of the very porous but 
expensive Corning Porous Glass (CPG) used as template.Phenol- 
hexamine were melted at 60°C and CPG later added for the 
impregnation of the polymer at 60°C for 5 hours. The tempera­ 
ture was then raised to 150°C. By this method a relatively 
high degree of polymer impregnation was achieved.
The results obtained from the early experiments on 
production of PGC provided a number of conclusions and pointers 
to desirable improvements both in regard to the template 
silica gel and to the subsequent stages.
(1) Because of the cost of high grade silica gels it was 
desirable to develop a cheap in-house method of producing 
spherical silica gels which could be used as template for 
GC and LC materials.
(2) Early samples of PGC were too fragile to be routinely 
used for HPLC. To increase strength it would be necessary 
to employ more porous templates than those obtainable commer­ 
cially so that on pyrolysis of the polymer the maximum carbon 
content could be achieved in the final particles. This 
necessitated preparation of very porous silica gels and
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reinforced the desirability of (1) above.
(3) The difficulty of dissolving out the silica for PGC 26 
indicated that the structural units of Hypersil were not 
sufficiently fused together to give good access to the dis­ 
solving reagent (KOH). Thus some type of hydrothermal or 
sintering treatment would be required to produce an ideal 
silica gel template. Since sintering is well known to reduce 
both surface area and pore volume, whereas hydrothermal 
treatment at moderate temperatures recuces only surface area, 
while retaining pore volume the second would be preferred. 
In regard to the subsequent stages in the procedure a 
number of other improvements seemed desirable.
(1) Complete pore filling was found to be desirable. Further­ 
more, hexamine dissolved in phenol melt should be used for 
polymerization.
(2) Temperature programming of the pyrolysis stage.
(3) Control of dissolution of silica and
(4) High temperature treatment - the importance of avoiding 
oxidation at high temperatures.
The developments in the process described follow the 
above suggestions and are further discussed in Chapter 6. 
The use of new techniques and specially designed equipment 
were required to achieve this objective. The materials and 




Silica sols were used as starting materials for produc­ 
tion of silica gel templates which included Ludox HS40 (Du 
Pont, Hitchin, Herts, England) and Syton X-30 (Monsanto Ltd., 
Victoria Street, London) containing 40% w/w and 30% w/w of 
silica respectively. Properties of these sols given by 
manufacturers are listed in table 5.1-1. Phenol and hexamine, 
used to form the polymer later to be carbonized, were BDH 
analar reagents (Birmingham, England). Petroleum Ether (BP 
100-120°C), used in the production of silica gel, was BDH 
reagent and was the dispersion medium for forming the silica gel 
emulsion. Acetone used for washing silica gel was also BDH 
analar reagent. Span 80 used as an emulsifier stabilizer 
was obtained from Fluorochem (Derbyshire, England).
5.1.2.2 Equipment used for the production of PGC
Silverson mixer with variable speed adjustment was used 
for emulsification (model no.L2R from Silverson Machines Ltd., 
Waterside, Chesham, England). By varying the speed of the 
Silverson mixer - the particle sizes can be controlled. Water 
baths used for thermosetting were obtained from Grant Instru­ 
ments (Cambridge). Drying of samples was carried out in a 
Belling oven (Townson & Mercer Ltd., Croydon, England). A 
2-litre Autoclave manufactured by C.W. Cook & S:ons Ltd. (Albion 
Works, Birmingham, England) was employed in the preparation 
of silica (see figure 5.1-3). The maximum temperature attain­ 
able was 400°C, and had a pressure limitation of 300 bars.
Table 5.1-1. Properties of Syton X-30 and Ludox
Syton X-30 Ludox HS40
Particle size (run) 25 13-14
Specific surface area 
(m2 /g)
250 210-230
Si0 2 content (% w/w) 30 40
pH (25°C, 77°F) 9.9 9.7
Na 20 content (% w/w) 
Titratable alkali
0.34 0.43
Si0 2 /Na 20 (ratio) 88 90
Chlorides(as NaCl), wt % 0.007 0.01




Specific Gravity 1 .2 at 15.5°C 1 .3 at 25°C
FIG. 5.1-3: ROCKING AUTOCLAVE
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The autoclave rocked at the rate of 20-30 rocks per minute. 
A Buchner funnel was used to filter both silica and carbon 
before final drying in the oven. A large Gallenkamp 
muffle furnace from East Kilbride, Scotland (internal dimen­ 
sions, 416 x 182 x 130 mm) was used for sintering off silica 
gels. In early experiments, impregnation and polymerization 
were carried out in round-bottomed flasks in a K4 electronic 
oil bath. Subsequently, a rotary apparatus was constructed 
as shown in figure 5.1-4. It comprised a Towers oven 
(Towers and Company Ltd., Widnes, Cheshire, England) con­ 
trolled by a Bikini temperature regulator. The oven was
mounted on its side. 3 or 5 litre round flasks rotated on
// 
bearing supports by a rotary Buchi motor (supplied by Orme
Scientific Ltd., Manchester, England) through a spherical
joint. Three furnaces were used for carbonisation. In the
early stages of production a Carbolite tube furnace type
»
CFM1-1400 + PiD as shown in figure 5.1-5, was used (Carbolite, 
Sheffield, England). A temperature programmer series 104, 
which was obtained from W.G. Pye and Company Ltd., Cambridge, 
England, was fitted to the carbolite furnace. Samples were 
contained in stainless steel boats of 20 ml capacity. One 
end of the ceramic tube was stoppered and the other end was 
fitted with brass fittings having an inlet for purging of 
nitrogen and an outlet for the removal of by-products of 
pyrolysis. Later, the large Gallenkamp furnace, which was 
used for sintering, was also used for carbonization so as to 
increase the batch size of carbon produced. Stainless steel 
beakers of 350 ml capacity were constructed. These were 


















































































































nitrogen (shown in figure 5.1-6). A hole was present in 
the lid to allow for the release of by-products into the 
fume-cupboard. The temperature was regulated by means of 
a Bikini temperature regulator. As there was the need to 
further increase the batch size and to regulate the tempera­ 
ture precisely, a special rotary furnace (see figure 5.1-7) 
was used for carbonisation. This furnace was designed in 
collaboration with Carbolite Furnaces Ltd., Bamford Mill, 
Bamford, Sheffield, England. The detailed specifications 
are given in Table 5.1-2. The furnace was designed to 
rotate a nickel chromium alloy (Inconel 600) retort which 
extended through the furnace to rest on rollers at each end. 
The retort was sealed with an 0-ringed stainless steel flange 
which was fitted to a sprocket drive mechanism. The retort 
could be purged with nitrogen through the rotary seal. The 
furnace case was hinged at the rear end and opened to allow 
easy access for retort removal. The retort could contain 
up to 2 litres of sample. The noxious pyrolysis products 
were condensed into Wolfe bottles containing 1M sodium 
hydroxide and the nitrogen .remaining was scrubbed in a tower 
packed with glass beads down which sodium hydroxide (1M) 
was pumped by a peristaltic pump (Watson Marlow model) at 
4 ml per minute. The gas was then vended into a fume 
cupboard. Nitrogen was controlled by a pressure regulator 
fed by a length of teflon tubing at the rate of 10 mis per 
minute. The furnace was fitted with a combined ramp pro­ 
grammer and temperature controller system model 702 automatic 
controller from Cambridge Process Controls. The micro­ 
processor system in the unit allows fully automatic operation
N. t By- Products Stainless Steel 
Lid
Polymer


































Table 5.1-2. Detailed Specifications of Rotary Furnace
Type of Furnace Rotating Retort Furnace
Maximum Operating Temperature - 1400 C
Retort Dimensions - 500 mm long x 150 mm I/D 
(usable)
Heating Elements - Silicon Carbide elements 
mounted axially about the 
retort
Temperature Sensors - Pt/Pt 13%Rh thermocouples
Temperature Control Cambridge Process Controls 
702 - 6 segment ramp and 
hold programmer/controller
Over-temperature Protection - Eurotherm 106 controller
Power Control - Solid State Relays
Maximum Power Consumption - 12 kW.
Power Supply Required 415/240 Volt, 3 phase, 50 Hz, 
4 wire and earth, isolated and 
fused at 40 amps per pH
Retort Inconel 600 with stainless 
steel and flanges
Rotating Drive - DC motor with reduction gearbox
Rotation Speed Control Potentiometric speed controller 
settable between 0 and 5 RPM
Approximate Overall Dimensions - 1000 mm H x 700 mm W x 1100 mm I
100
of the furnace through the complete operating cycle, to 
a time and temperature sequence programme stored in the 
unit's memory. This programme is loaded into the memory 
using a simple calculator style keyboard and display on the 
front panel of the instrument which is shown in figure 5.1-8. 
The specifications of the automatic controller are shown in 
Table 5.1-3. Figure 5.1-9 shows the programming cycle for 
the carbonization of PGC. Later experiments showed that 
the plastic tubing used for purging nitrogen allowed small 
amounts of oxygen into the carboniz ation system. In the 
more recent production of carbon these tubings have been 
replaced by stainless steel tubings.
Dissolution of silica was carried out using stainless 
steel beakers. The material was well stirred and heated by 
magnetic stirrers (Voss Instruments Ltd., Essex, England). 
Thermogravimetric analysis, to determine the percentage of 
silica still remaining, was carried out with a Stanton 
Redcroft TG770 thermogravimetric analys.er (Stanton Redcroft, 
London, England). A high temperature furnace for temperatures 
greater than 2000°C is not available at present in the 
Department of Chemistry and therefore batches of carbon were 
sent to one of the following places for further heat treatment. 
(i) Anglo-Great Lakes (AGL), Newburn Haugh, Newcastle-upon-
Tyne. 
(ii) Atomic Weapons Research Establishment (A.W.R.E.),
Ministry of Defence, Aldermaston, U.K. 
(iii) Dr. C. Jenkins, Department of Metallurgy, University
College of Swansea, Wales, U.K. 










































































































































































Table 5.1-3. Specification of the Automatic Controller
Switch-on time delay 0-99hr.59mins. in 1 minute 
steps. Delay counts down 
to zero then furnace 
switches on.
Three Set Points - 0-1599°C
Three Temperature Ramps 5-500°C/hr. First ramp 
always increasing, second 
and third ramps up or down 
depending on subsequent set 
points
Three Hold times at Set Point 0-99hr.59mins. in 1 minute 
steps
Temperature Control Three term PID
Power Adjust facility 0-100% via keyboard entry
Input Type R thermocouple (Pt/Pt 
13%Rh).
Output Logic Drive 15 V.DC. 
Fast cycle
Optional Relays Volt-free contacts available 
at various parts of cycle. 
Relay board to be available 
as retrofit kit
Safety Thermocouple break or reverse 
polarity switch off output. 
Cold junction compensation 
provided.
Electrical supply 220/240 or 110/120 Volt 50/60 
Hz
Dimensions 192mm Wide x 96mm High x 220mm 





















































































































































































(v) Le Carbone-Lorraine, Gennevilliers, France. 
(vi) Centorr Associates, Inc., Suncook, New Hampshire, 
U.S.A.
Anglo-Great Lakes Firing Procedure
The graphitizing furnace shown in figure 5.1-10 consists 
of a 9 ft long carbon tube of approximate 4" bore. The 
heated portion is 2 ft long. The material to be fire<J was 
contained in a well sealed 110 ml graphite capsule which 
fitted into a larger container of about 1350 ml. The ends 
of the furnace are capped and pure nitrogen or Argon was 
passed through the end caps under slight positive pressure. 
The graphite tube is contained within a bed of carbon black.
The firing regimes for PGCs 57, 59 and 62 are shown in 
figure 5.1-11.
AWRE Firing Procedure
The apparatus (SPEMBLY FURNACE SB40) used at AWRE is 
shown in figure 5.1-12. The samples are heated in a stream 
of argon at 10 cu.ft/hr or 0.5 litres per minute giving a 
linear velocity of 2.6 cm/min and the total time in the fur­ 
nace as a whole of 35 minutes.
Firing of samples was conducted by Dr. C. Thomas of 
AWRE and the firing regime is also illustrated in figure 
5.1-11 .
Firing Procedure at University College of Swansea by Dr. C. 
Jenkins




























































































FIG. 5.1-11: FIRING REGIMES FOR PGCs


























of AWRE except that the furnace is smaller with a heated 
zone of 10 cm long, and 8 cm diameter. The firing regimes 
are illustrated in figure 5.1-13.
British Petroleum Firing Procedure
The apparatus used at BP is shown in figure 5.1-14. 
Helium gas is purged in through holes in the lid of the crucible 
then up the chimney. Hence some ventilation of the samples 
is achieved. The samples were first rapidly heated to 1500°C 
and then at rate of 30°C/min to 2500°C.
Carbone-Lorraine Firing Procedure
The graphitizing furnace used by Carbone-Lorraine is a 
tube furnace resembling that of Anglo-Great Lakes as shown in 
figure 5.1-10. The samples were heated in Argon at a rate 
of 3°C/min from ambient to 1100°C, then at a rate of 4°C/min 
from 1100°C to 1800°C. Further heating to 2500°C was carried 
out at a rate of 6°C/min, and the temperature was held for 
15 minutes at this temperature.
Centorr Firing Procedure
The samples were fired in a vacuum by Centorr using a 
High-temperature Vacuum Furnace model 14 which is illustrated 
in figure 5.1-15. The furnace is mounted on a single pole 
floor stand with the Vacuum System (or the Evacuation System) 
immediately behind (or to one side) for maximum efficiency. 
A vacuum of 10~ 5 Torr is attainable. The furnace consists 
of a double wall all stainless steel (304L) water-jacketed 
chamber, inside of which is the heat zone (3" diameter x 3"
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high). The heat zone is resistance heated. The heating 
element is made of solid graphite. Heat shielding is by 
Graphite Felt pressed into solid form. Loading is done 
through the Top Cover. The firing procedure was as follows
Slow evacuation (with rough vacuum pump). 
Backfilled with Argon slowly. 
Evacuated and backfilled again. 
Evacuated and kept under vacuum 
Heated from ambient to 1800°C at 5°C/min. 
Backfilled with Argon.
Heated from 1800°C to 2500°C at 7°C/min. i
Held for 15 minutes at 2500°C.
Power off - allowed to cool naturally.
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5.2 Characterization of PGC
A large number of techniques were utilised in the 
characterization of PGC, namely:
(i) Surface area measurements.
(ii) Pore volume measurements.
(iii) X-Ray diffraction.
(iv) Scanning electron microscopy.
(v) Transmission electron microscopy.
(vi) X-Ray fluorescence.
5.2.1 Materials
The following carbons were used in the structural 
studies:
(1) PGC which was produced by the method described in 
Section 6.1.
(2) Carbopack B, a graphitized carbon black, which was
supplied by Supelco, Beliefonte, Pennsylvania, U.S.A.
(3) 'Graphite 1 felt supplied by Carbolite Furnaces 
(Carbolite, Sheffield, England).
(4) Vulcan pelletized carbon black supplied by Cabot 
Corporations (U.S.A.).
(5) Black Pears and Carbon-coated Silica which were kindly
gifted by Dr. H. Col'in, Department of Analytical Chemistry 
Ecole Polytechnique, Palaiseau, France.
(6) Carbon electrode which was taken from an EverReady 
Battery.
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5.2.2 Equipment used for the characterization of PGC
5.2.2.1 Surface Area Measurements
Surface area was measured by a home built apparatus by 
the B.E.T. method illustrated in figure 5.2-1.
Gas adsorption provides an easy method for surface area 
determination. The quantity of gas, adsorbed on the surface , 
can be determined as a function of the gas phase pressure, 
at constant temperature, to give an adsorption isotherm. 
From this isotherm, it is possible to deduce the amount of 
gas needed to cover the complete surface area with a one 
molecule thick layer, which in turn allows determination of 
the surface area of the sample.
The equation that describes the B.E.T. adsorption is 
given as:
Vads (P 0-p) V (T) VmC(T)Po
where
P = equilibrium adsorbate gas at temperature T.
V -, = volume of gas adsorbed at P and T. ads
P = the saturation vapour pressure of the o
adsorbate.
V = volume of gas corresponding to monolayer 
m
coverage .
C(T) a exp ( A H ~ AHliq)/R.T
Now a plot of p /vads (Po~P) at?ainst the relative pressure 





































































































































































such that -V = 1/G + I where G is the gradient and I is
m
the intercept. Since the size of the adsorbate molecules 
is known the surface area is given by:
Area = Constant x Vm
which in this case gives:
2 -1
Surface Area = 4.35 V m gm ^
This was the basic theory for the surface area determina­ 
tion which for the purposes of calculation required the 
determination of the equilibrium pressure (P) and the amount 
of gas adsorbed (v d ) by experimental methods.
Samples were degassed at about 300°C, and then surrounded 
by liquid nitrogen. A dose of gas was put into the dozing 
volume (D. / D 2/ D- or D.) at a known pressure. The tap into 
the sample volume was opened and the system was allowed to 
reach equilibrium. This equilibrium pressure was recorded 
and then the procedure was repeated several times. The total 
volume of gas adsorbed (V -, ) at equilibrium Pressure P can 
be calculated as shown in Table 5.2-1, which is
, (VD PD -VD Pn> - V0 Pn 
n=1 n n n
or ? (VD (P -P ) - V P }
n=1 n n
And for a constant dozer pressure then 
Amount adsorbed is equal to
nVDP D . (VD Wn'




























































































































































































































































































5.2.2.2 Pore Volume Determination
Pore volumes of PGCs were measured either by mercury 
porosimetry or by titration with the solvent 2,2,4-trimethyl- 
pentane (iso-octane). Pore volumes of silica templates 
were measured by titration with water.
5.2.2.2.1 Mercury Porosimetry
A calibrated glass tube as shown in figure 5.2-2 was 
used known weights of silica, glass wool and mercury were 
taken in the tube and a pressure (500 psi) was then exerted 
onto the top of the mercury using a solvent pump so that the 
mercury entered the spaces between the silica particles but 
not into the pores. The level of the mercury was noted by 
means of a travelling vernier telescope. The pore volume 
of the sample, in this case, silica, was then calculated as 
follows:
Let mass of silica taken = x gms 
Taking density of silica = 2.2 gms/cm 
Then volume due to silica = (x/2.2) cm
Similarly,
Let mass of glass wool taken = y gms
Then volume due to glass wool taking
the density of glass woold to be 2.40 gm/cm = (y/2.4) cm
And let mass of mercury taken = z gms
Volume due to mercury = (z/13.6) cm
Therefore,
->








FIG.5.2 -2 : APPARATUS FOR MEASURING
PORE VOLUME
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If the level of mercury noted = Z cm as the tube is
calibrated.
Then any volume not accounted for by silica, glass and
mercury is due to pores in the silica.
.". Total Pore Volume = Z - (x/2.2+ y/2.4 + z/13.6) cm3
And Pore Volume of silica = - {Z-(x/2.2 + y/2.4 + z/13.6)} cm 3 g" 1
x
5.2.2.2.2 "Solvent Titration
Weight amounts of samples were titrated with water (in 
the case of silica) or 2,2,4-trimethylpentane (in the case 
of carbon) and the amount of solvent needed to just wet the 
sample was noted. The pore volume of the sample was then 
calculated as the amount of solvent in cm needed to just 
wet one gram of sample.
5.2.2.3 Structural study of PGC and other carbons
5.2.2.3.1 X-Ray powder diffraction
Results were obtained using a Philips powder diffracto- 
meter (Pye-Unicam, Cambridge, England). Samples were loaded 
by an automatic sample changer (type PW 1170/02). The 
goniometer (PW 1050/80) was mounted on a highly stabilised 
X-ray generator (PW 1730/10) that provided CuK . ~ radiation
o
(mean X = 1.5418A). Scanning was controlled by a motor 
control unit (PW 1394). Detection was controlled by a 
channel control unit (PW 1390) and fed to a pen recorder
(PM 8203). An AMR focussing monochrometer (model AMR 3-202E) 
was fitted immediately before the detector (PW 1965/60).
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Samples were finally ground and carefully packed into 
slide holders and analysed.
5.2.2.3.2 Scanning electron microscopy
A Cambridge Instruments type 604 stereoscan scanning 
electron microscope fitted with a Praktica L2 camera was used 
Samples were coated with gold (SEM coating unit E5100, 
Polaron Equipment Ltd) prior to analysis. Fine powders were 
dispersed on aluminium pegs and coated with a film of gold.
5.2.2.3.3 High resolution electron microscopy and electron 
diffraction
This was carried out by Dr. G.R. Millward of the 
Department of Physical Chemistry, University of Cambridge 
using a Jeol 200-CX instrument (Jeol at Cambridge University) 
The instrument, operated at 200 keV, was fitted with a top- 
entry goniometer stage modified to enable the specimens to be
moved parallel to the incident beam (Z-lift) as described by
2 Thomas et al. . Under the operating conditions used, it has
o
a resolution of 2.4A . Specimens for examination were 
deposited from a suspension in acetone into carbon "holey" 
films. Only particles positioned over the holes were imaged 
under high resolution.
5.2.2.4 Identification of trace elements in samples of 
PGC and other carbons
The identification of trace elements was carried out by 
X-ray fluorescence. The instrument used was Philips X-ray
1 10
Spectrometer PV 1450 (Pye-Unicam, Cambridge, England) with 
chromium target X-ray tube (60 KV, 20mA), LiF analysing
o
crystal (d = 4.027A), flow counter and scintillation counter 
and fine collimator and air path. Samples were held on 
Mylar in plastic cups. Scans ran from 38-60 degrees 29 
and from 84-102 degrees 29.
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6.1 Production of PGC
6.1.1 Method development of PGC
The development of the method of production of PGC 
suitable for use in LC can be divided into four main phases 
relating to the general scheme for the production of PGC 
given in figure 5.1-1 viz. Phase 1 , Phase 2, Phase 3 and 
Phase 4.
6.1.1.1 Phase 1; Study of impregnation of hydrogel
Phase 1 represented the first attempt in producing PGC 
from a home made silica template. Ludox, which is a colloidal 
dispersion of silica, was the starting material for the 
template. Batches 49-59 were produced in Phase 1 according 
to the outline procedure given in Figure 6.1-1.
In the preparation of PGC 49, Ludox was first gelled 
by adding 14 ml of 50% concentrated nitric acid to 1000 ml 
Ludox, and then allowing the acidified Ludox to stand in a 
water bath at 50°C. The hydrogel thus formed was broken up 
and the fragments were allowed to equilibrate five times with 
15 ml acetone. In this way the acetone replaced the water 
in the hydrogel. After equilibration with acetone, the 
silica gel was then allowed to stand in contact with phenol melt 
at 80°C in an oil bath to allow the phenol to replace the 
acetone. PGC 50-59 were not equilibrated with acetone, but 
the hydrogel was allowed to equilibrate directly with phenol 
melt at 80°C in an oil bath. In the case of PGC 49, there 
was ultimately 24% of carbon in the silica gel/carbon particle 













































































































































little difference in carbon content was observed and since 
the time and work involved in the equilibration with acetone 
was significant it was decided that in the production of 
later batches of PGCs this equilibration step would be omitted
Impregnation and polymerization was carried out in two 
different ways. In the first, for the production of PGC 49, 
both phenol and hexamine (3:1 molar ratio) were added to the 
acetone loaded gel at 80°C and left overnight to equilibrate, 
the excess red liquid was then decanted; polymerization was 
then carried out at 145°C for half an hour. In the produc­ 
tion of FGC 50-59, only phenol was added to the hydrogel at
Q80°C and the excess was decanted,A measured amount of hexamine
was then added. Polymerization was allowed to proceed at 
145°C for 4-5 hours.
Calculation of the amount of hexamine required
Let volume of Ludox (HS40) used =,x ml.
Weight of phenol taken = x gms.
After equilibration, it is assumed that all the water in the
gelled Ludox is replaced by phenol.
Density of Ludox at 25°C = 1.3 g/cm
Ludox type HS40 contains 40% (w/w) of silica and 60% (w/w) 
of water.
x ml of hydrogel (gelled Ludox) will contain (60% of 13x) gm 
of water = 0.078x ml of water 
Let volume of liquid decanted off be = y ml. 
Volume of phenol decanted off will be (y - 0.078x) ml. 
Weight of phenol decanted off = (y - 0.078x) 1.047 gms.
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Weight of phenol in the gel = x - [(y - 0.078x) 1.047] 
Taking the weight ratio of phenol:hexamine to be equal to 2. 
Then weight of hexamine to be used
= i {x-[(y - O.OVSx) 1 .047] }
These batches of silica gel/polymer were then carbonised. 
The silica/polymer obtained by this procedure was formed in 
fairly large lumps and, therefore, there was the necessity 
to grind and fractionate. This had the further advantage that 
the ground fragments would not be totally encased in excess 
polymer. It was found that grinding and fractionation had to 
be carried out after carbonization but before dissolution of 
silica to prevent fragmentation. Carbonization was carried 
out in nitrogen using the Carbolite furnace (PGC 49) and 
Gallenkamp furnace (PGS50-59) at 1°C/min from 150°C to 400°C 
then at 4°C/min from 400°C to 1000°C. The temperature was 
held at 1000°C for 10 hours.
The dissolution of silica was brought about by one of the 
following methods:
(i) Heating the silica/carbon with 50° solution of 5M KOH 
and ethanol at 100°C.
(ii) Heating with fused KOH at 450°C or a mixture of NaOH and 
KOH at 235°C in a stainless steel vessel followed by heating 
in 50% ethanol and water to wet the carbon and to dissolve out 
the potassium silicate.
(iii) Treatment with hydrofluoric acid. This is based on the 
volatility of silicon tetrafluoride formed when hydrofluoric 
acid is added to silica and heat is applied.
4HF + SiO -> SiF + 2H 0 0 
2 4(g) 2
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A platinum crucible was used because of the reactivity 
of hydrofluoric acid. The difference in weight between the 
original sample and the sample treated with hydrofluoric acid 
gives the percentage of silica in the sample.
Table 6.1-1 lists data on dissolution of silica in PGC 
57 by different methods. Alcoholic potassium hydroxide does 
not seem to be suitable for the dissolution of silica. Treat­ 
ment with fused KOH at 450°C, or a mixture of NaOH/KOH, or 
hydrofluoric acid were effective in dissolving out silica. 
In this phase, therefore, method (ii) was the treatment chosen 
for the dissolution of silica.
The samples were sent to Anglo-Great Lakes for further 
firing at temperatures greater than 2000°C according to the 
firing regime illustrated in figure 5.1-11.
Conclusions and Considerations that led on to Phase 2
(i) PGCs produced at this first phase of development were 
not satisfactory in LC due to the development of high back 
pressures and badly shaped peaks. There was, therefore, still 
the necessity of producing a stronger material.
(ii) The PGCs produced at this stage were in the form of 
chips with a size range of 5-20 urn.
(iii) The dissolution of silica by fused KOH at 450°C was 
undesirable as the treatment resulted in the corrosion of the 
stainless steel beakers bringing about contamination with 
metallic impurities and very probably oxidation of the carbon 
product. The difficulty of dissolving silica suggested that
Table 6.1-1 Data on Dissolution of Silica in PGC 57




5% Ethanol/KOH, then 64
Fused KOH at 450°C 98





the colloidal units were insufficiently well connected so 
that access to the dissolving solution was poor. We were 
also uncertain at this stage as to whether geometrical 
integrity of the template was preserved at the dissolution 
stage.
(iv) Severe weight loss of 30-60% was found with samples sent 
to AGL for firing. At this stage the reason for the weight 
loss was still unclear.
6.1.1.2 Phase 2: Establishment of Geometric Stability of PGC
In the second phase of development, the template was 
produced in the form of cylindrical pellets. A cylindrical 
stainless steel vessel (figure 6.1-2) was filled with acidified 
Ludox which was allowed to gel slightly. The vessel was then 
connected to a pumping system, and gelled Ludox was extruded 
into acetone through a 1/4" stainless steel tubing.
The "sphagetti" strands, 1 cm long, were then washed with 
0.1M nitric acid, and allowed to stand overnight at 80°C. 
Final washing of the "sphagetti" strands was done in 2.5% 
ammonium hydroxide and then the strands were subjected to 
hydrothermal treatment in an autoclave at 220°C in order to 
consolidate the structure. Prior to impregnating with the 
polymer, the strands were dried and sintered at 600°C for 16 
hours to further strengthen the template. The whole process 
is outlined in figure 6.1-3 (a). The pore volume of the silica 
gel strands produced were 0.86 cm /g.
Impregnation and polymerization for PGC 60 was carried 









































































































































































[Figure 6.1-3(b)] but using dried, sintered silica gel rather 
than hydrogel. Carbonization was carried out as in Phase 1 
using the Gallenkamp muffle furnace. Grinding of the carbon 
strands and fractionation to obtain narrow range of particle 
sizes was done after carbonization. Dissolution of silica 
was now carried out in aqueous KOH as it was found that ethanol, 
though allowing the wetting of carbon, produced an environment 
in which the potassium silicate was insoluble. Later, with 
a greater knowledge of PGC, it was noted that PGC heated at 
1000°C (amorphous), was highly hydrophilic and that a wetting 
agent was not necessary after alii
PGC 60 was sent to AWRE for higher heat treatment to be 
fired according to the firing regime in Figure 5.1-11. The 
batch sent to AWRE was successfully used in GC.
It was also noticed that both the dimensions of the 
"sphagetti" template and the PGC ultimately formed remained 
the same. No significant dimensional shrinkage was seen.
Calculation of the amount of phenol and hexamine required 
for total pore volume filling
Let total weight of silica gel taken
= x gms
If the pore volume of the silica gel is y cm /g 
.". Total pore volume available for filling of polymer.
= xy cm
Taking phenol:hexamine = 6:1 (weight ratio) 
Then phenol-hexamine = 7.614:1 (volume ratio) 

























































































































Weight of phenol required
= (0.88xy x 1.0472) gms
= 0.92xy gms 
Volume fraction of hexamine required
= xy/8.614
=0.12xy cm 
Weight of hexamine required
= (0.12xy x 1.33) gms
= 0.16xy gms
Therefore in a typical case: 
If pore volume of the silica gel is
= 1.4 cm /g 
and the total weight of silica gel taken
= 200 gms 
Then, total pore volume available for filling of polymer
= 280 cm3
Taking phenol:hexamine (volume ratio) to be 7.614:1 
Then volume fraction of phenol required
= 246.4 
And weight of phenol required
= 264.4 x 1 .0472
= 258.03 mgs 
Volume fraction of hexamine required
= 33.60
weight of hexamine required




This was the first phase that saw the complete dissolution 
of silica prior to higher heat treatment. The dissolution of 
silica had always proved to be one of the major problems during 
the earlier stages of development of PGCs like PGCs 26 and 
49-59. Fused KOH at 450°C was the only way of dissolving
f.
out almost completely the silica present. On the other 
hand, the silica gel structure has been consolidated by 
hydrothermal treatment in the sphagetti strands. Because 
of this reason there was an easy access to the silica gel by 
the dissolving KOH. Furthermore, no dimensional shrinkage 
was observed.
6.1.1.3 Phase 3: Establishment of a Final "Dry Impregnation" 
Method
t,
Initially, sphagetti strands were still used as templates 
for the production of PGCs 61 and 62. Three main changes 
were incorporated at this stage, namely:
(i) The phenol-hexamine ratio was optimized. The phenol- 
hexamine molar ratio was changed to be in the range that would
produce a form of glassy carbon according to Kawamura and
1 Jenkins . 8.9:1 molar ratio was chosen based on a 6:1
weight ratio of phenol:hexamine. According to Jenkins and
2 Kawamura the percentage yield of phenol hexamine molar ratio
is increased.
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(ii) The process of impregnation of the polymer was improved 
by using phenol-hexamine mix as melt rather than simply molten 
phenol. Phenol was first initially melted at 60°C. Hex- 
amine was then dissolved in the phenol melt at 80°-90°C. The 
amount of phenol and hexamine melt to be used was calculated 
to allow just under 100% pore filling of the template so as to 
result in a free flowing material.
(iii) Impregnation and polymerization temperatures were 
rigorously controlled. Impregnation was allowed to proceed 
overnight and then again at 120°C before hardening at 150°C 
for 5 hours. The temperature was raised from 120°C to 150°C 
slowly at the rate of 5°C/hour. Both impregnation and poly­ 
merization were carried out dynamically in an oil bath, that 
is, continuous rotation was maintained throughout so as to 
allow good agitation of the contents (figure 6.1-4a).
The process of production of PGC 64 is illustrated in 
figure 6.1-4(b) which is similar to the above process. The 
silica template, however, was a commercially available Hypersil 
(Shandon Southern). Carbonization was carried out at 1°C/min 
up to 400°C, and then at 1000°C for 5 hours. The silica was 
dissolved out using aqueous KOH at 100°C.
PGCs 61-64 were sent to AWRE for higher heat treatment 
to be fired to 2340°C according to the firing regime in figure 
5.1-11. A batch of PGC 62 was also sent to Anglo Great Lakes 
to be fired at 2600°C. The batch sent to Anglo Great Lakes 






























































































































































































































































































material fired at AWRE was successfully used in GC«
Conclusions
(i) The third phase of the development saw a great number 
of modifications culminating in the production of successful 
batches of PGCs. PGCs 61 and 62 performed well in GC and 
PGC 64 in LC.
(ii) Table 6.1-2 lists the weight and molar ratios of phenol- 
hexamine in the production of the different batches of PGCs. 
The successful batches of PGCs had a molar ratio in between 
that quoted or necessary for the production of glassy carbon. 
This represents an important consideration as noted later in 
Section 6.2 in the structural study of PGC, it is the inter­ 
twined graphitic ribbons like those found in glassy carbon 
that contributes to the strength and rigidity of PGC. PGC 
26, an earlier batch proved to be very fragile in LC, giving 
high back pressure.
(iii) Dynamic rotation at all stages of production greatly 
improved impregnation, polymerization and carbonization 
procedure. 100% filling of the pores by the polymer also 
ensured that the maximum amount of polymer was incorporated 
giving a higher percentage of carbon content. A free flowing 
material was also produced.
(iv) The efficiency of the Anglo Great Lakes firing regime 
was now questionable as the part batch PGC 62 sent to AGL 
proved unsuccessful whereas the part batch 62 fired at AWRE 
proved to be a better material. Severe weight loss was again 
observed when the sample was fired at AGL. The weight loss is
Table 6.1-2 Weight and Molar Ratios of Phenol-Hexamine




WEIGHT RATIO MOLAR RATIO
19 1 : 4.5 : 3
26 2.7 : 1 4 : I
49-60 2 : 1 3 : 1
61-78 6 : 1 8.9:1
Glassy Carbon 1 6 : 1-24 : 1
NOTE: Percentage yield of carbon is increased as the
2 phenol:hexamine molar ratio is increased
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not readily explained. The most probable explanation seems 
to be oxidation by water vapour possibly present in the Argon 
used to flush the sample. The weight loss was greater for 
samples heated to only 1000°C. Such samples would have a 
more active surface so would oxidize faster assuming oxida­ 
tion rate to be controlled by kinetics not diffusion. Later 
batches of PGCs were then sent to AWRE for high temperature 
firing. As there was the need to increase the batch size 
of PGCs heated to temperatures greater than 2000°C, other 
places of firing were sought. CarboneLorraine and Centorr 
Associates have now proved to be able to meet the requirements 
of high temperature treatment so as to produce good batches 
of PGCs.
6.1.1.4 Phase 4: Preparation of Special Large Pore 
Volume Silica Gel
Subsequent to the success of PGC 64 in LC, there was then 
a necessity to produce 5|im spherical porous silica template. 
The process of production of the template is indicated in 
figure 6.1-5. The following steps can be followed for 500 
ml of Ludox used.
(i) Emulsification step
1500 ml of Pet-ether (100-120) containing 45 ml (3%) of 
span 80 is warmed in a water bath at 45-50°C. In a separate 
container, 500 ml of Ludox was also warmed up gently. 
Just before emulsification, 14 ml (1.4%) of 50% nitric acid 
was added to the Ludox and well stirred. The acidified Ludox 
































































































































































































then emulsified using a Silverson mixer at about 4000 
revolutions a minute for 10 minutes.
(ii) Hardening step
After emulsification, the mixture is replaced in the 
water bath and left to stand at 45-50°C for 2 hours. It 
is important, for the production of small particle sizes, 
that the temperature of the bath does not rise beyond this 
temperature as higher temperatures cause clumping of the 
particles.
(iii) Initial washing step
Pet-ether/span was then decanted off gently and fresh 
Pet-ether was then added and well stirred. After allowing 
the particles to settle, the Pet-ether was again decanted off 
and another washing with Pet-ether was often necessary. After 
the third washing with Pet-ether, the silica gel was then 
washed twice with acetone. The final washing was done with 
2.5% aqueous ammonium hydroxide.
(iv) Hydrothermal treatment
Hydrothermal treatment in an autoclave was carried out 
at 175°C for 16 hours in 2.5% aqueous ammonium hydroxide. 
After the treatment, the silica gel was completely washed 
and dried using a Buchner funnel and acetone as the solvent.
(v) Sintering
The dried silica gel was then sintered in the Gallenkamp 
muffle furnace at 600°C for 16 hours.
The pore volumes and surface areas of the silica gel 
templates and some batches of PGCs before and after high heat
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treatment are given in section 6.2.
6.1.2 Important Considerations in the Production of Sum 
Silica Gel Template
Several considerations should be noted so as to be able 
to reproduce Sum silica gel particles. These include:
(i) Since there can be batch to batch variation of the silica
sol, it is important that the pH of the silica sol should be
adjusted with the pH meter so as to give a definite pH of 5.5.
(ii) The washing procedure of silica gel prior to hydrothermal 
treatment has further been modified so as to produce Sum 
particles that do not stick together. In the process des­ 
cribed in phase 4, acetone was added to Pet-ether after the 
hardening step. It was found that the addition of acetone 
to Pet-ether brought about clumping together of the silica 
particles. Therefore, after hardening, the Pet-ether should 
be decanted off and replaced with BMM solution. In 1 litre 
of distilled water, the BMM solution should contain:
0.8M sodium nitrate 
0.09M concHN0 3 
0.15M NH4 OH 
1.75M acetone
The BMM solution is a modification of MM1 solution of Ritchie 
which contains:
1M NaNCU 
0 . 1M cono.HNO... 
0.74M acetone
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Ammonium hydroxide is a necessary reagent in BMM solution 
as it prevents settling and sticking of silica gel particles 
before hydrothermal treatment. In the BMM solution there 
is also a greater concentration of acetone. This has the 
effect of reducing drastically the time required to allow 
the silica gel particles to settle during the washing process 
after hardening with Pet-ether, reducing the time from 48 
hours to 24 hours, that is, from 2 days to 1 day. This is 
important as the time required to produce batches of 5|im 
silica particles can be reduced as 2 BMM solution washes are 
recommended thereby saving 2 days.
(iii) After hydrothermal treatment and then allowing the 
silica gel particles to settle the ammonium hydroxide solution 
should be decanted off and acetone added. The silica gel 
particles should not be allowed to stand overnight in the 
ammonium hydroxide solution as by doing this the silica gel 
particles again have the tendency to stick together. Further­ 
more, before filtration, using the Buchner funnel, care should 
be taken so that all the water in the silica gel particles 
should be replaced by acetone. This can be done by decanting 
and replacing with acetone two more times, and then allowing 
the silica gel particles to stand in acetone for a minimum 
of 1 day. Should water be present in the silica gel 
particles then filtration through the Buchner funnel becomes 
extremely slow. If this is observed then the silica gel 
particles should be given further washings of acetone and 
allowed to stand in acetone for another day. Furthermore, 
the water that may still be present in the silica gel particles
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may bring about sticking of particles so that the ultimate 
product of dry silica may contain groups of silica particles 
sticking together. Therefore, it is absolutely necessary 
to get rid of all the water in the silica gel particles before 
filtration.
(iv) It has also been found that sticking together of 
particles occurs at the time of gelation during the hardening 
process. Therefore, the process could be greatly improved if 
the emulsion in the Pet-ether is rotated during the hardening 
process. Rotation of the emulsion during the hardening 
process would have the effect of producing better quality 
individual particles of silica.
6.1.3 Important Considerations in the Reproducible 
Production of PGC
The reproduction of successful batches of PGCs was not 
without problems. These included:
(i) Oxidation of PGC at different stages.
(ii) Irreproducible heating rates of PGCs at different
stages. 
(iii) The presence of fine "needles" as contaminants in
PGC.
(iv) Impurity of the inert gases used. 
(v) Metallic impurities prior to high heat treatment.
Oxidation of PGCs
Carbon is very susceptible to oxidation reactions as shall be 
discussed in Chapter 7. The oxidation of PGC during its
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formation would, therefore, lead to the presence of 
adventitious groups on the surface. It.was, therefore, 
necessary to take all precautions to prevent oxidation at 
different stages of production of PGC. These precautions 
include:
(i) The inlet purging system for the inert gas was made up 
of stainless steel tubings rather than PTFE tubings which 
would allow diffusion of gases from the atmosphere.
(ii) The ceramic tube used at later stages of the production 
of PGC during heat treatment was discarded. This tube was 
found to be porous to some extent at higher temperatures.
(iii) The presence of moisture at different stages of heating 
should be avoided. Therefore, it was absolutely necessary 
that during carbonization an initial slow heating program 
was necessary so that the moisture was removed before it had 
the chance to oxidize the surface. Furthermore, it had been 
found that PGC heated to 1000°C (amorphous PGC) was highly 
hydrophilic. Therefore, exposure of PGC to the atmosphere 
before high temperature treatment brought about adsorption 
of water vapour. Rapid heating of PGC when it was sent away 
for high heat treatment had, therefore, a destructive effect on 
the surface of PGC as oxidation was more critical at higher 
temperatures. Precautions were also taken against the 
presence of moisture in the inert gas which was used to 
purge the carbonization and high temperature systems.
As noted earlier, the samples of PGCs sent to Anglo 
Great Lakes suffered severe weight losses. This was pro­ 
bably due to the oxidation of the samples due to either the
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impurity of the inert gases, or inadequate flushing of the 
system prior to high temperature treatment.
Heating Rates of Carboniz ation and High-temperature Treatment
Achieving definite heating rates at both the carboniza­ 
tion and high temperature treatment stage has also been the 
problem in reproducing PGC. With the purchase of the 
specially modified carbonization furnace from Carbolite 
Furnaces, which had the ability of temperature programming, 
the problem of irreproducible heating rates at the carboniza­ 
tion stage was eliminated. PGC was heated at 50°C/hr from 
200°C to 600°C and then at 200°C/hr to 1000°C where the 
temperature was held for 10 hours. In addition, since further 
heating is dependent on furnaces belonging to others, achieving 
true heating rates at temperatures greater than 1000°C had 
presented a great problem. Some batches of PGCs sent to 
different places of firing produced PGCs that differed in 
quality. PGC 62, as discussed earlier, was an example. 
British Petroleum and Anglo Great Lakes produced bad batches 
of PGCs, and good batches of PGCs were fired either at AWRE, 
Carbone Lorraine or Centorr. PGC 70 that was heated at three 
different rates by Dr. Jenkins in the University College of 
Swansea as shown by the heating regime in figure 5.1-13 
has definitely proved that slow heating rates of 10°C/minute 
or less are important during high temperature treatments. 
The various test chromatograms of these three batches are 
shown in Figure 8.2-4 in Chapter 8. The batches of PGCs 
that were heated at slow heating rates (Batches A and B)
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produced PGCs that gave sharp, symmetrical peaks for test 
solutes discussed in Chapter 8.
Presence of Needles as Contaminants in PGCs
It had been found that bad batches of PGCs were badly 
contaminated with fine needles (the structure of these needles 
is discussed in section 6.2). These needles are now thought 
to be dense graphitic needles formed by the pyrolytic 
deposition from vapours released by heating above 1000°C. 
A proper purging system is, therefore, desirable at higher 
temperatures. It had been found that reheating PGCs to 
1000°C after the dissolution of silica (second heat treatment) 
had helped to get rid of these needles.
Once formed, these needles are difficult to get rid of 
in LC samples of PGCs. Fractionation by sieving can remove 
needles from GC samples of PGCs although scanning electron 
microscopic studies (discussed in section 6.2) show that 
although needles can be removed from GC samples, some needles 
do still stick on the surface of GC particles. Therefore, 
it is necessary that formation of needles should be avoided 
in order to produce good batches of PGCs.
Metallic Impurities in PGCs
As noted in section 4.2.4.3 catalytic graphitization 
can be important during high heat treatment of carbons and 
this could be relevant in the high temperature treatment of 
PGCs. Metallic impurities present in some batches of PGCs 
could produce irreproducible batches of PGCs. Trace metal
130
analysis in PGCs by X-ray fluorescence is discussed in 
section 6.2.
6.1.4 Conclusions on Production of PGC
1 . The method of production of a PGC suitable for LC is 
now clearly defined, and the precautions necessary at dif­ 
ferent stages are now noted. Precautions against oxidation 
are particularly important considerations.
2. Slow heating rates at different stages seems to be 
desirable. Briefly, this can be represented by the general 
scheme below.






3. The reheating stage in (2) at 1000°C is important 
in eliminating contamination with needles which may pose 
packing problems as will be noted later in Section 8.1.
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6.2 Characterization of PGC
6.2.1 Surface Area and Pore Volume Measurements
The surface area and pore volume measurements of the 
silica templates and some batches of PGCs before and after 
firing to high temperatures has been tabulated in table 
6.2-1. PGCs given high temperature treatments have surface 
areas and pore volumes greater than the surface areas and 
pore volumes of the templates used to make the PGCs. The 
silica templates used for the production of PGCs can now be
reproduced, each batch having a surface area of approximately
2-1 3-1 
50m-. g and pore volume of 1.4-1.5 cm g . 60% of the
surface area is lost as PGCs are heated from 1000°C to
temperatures greater than 2000°C; the final PGC having a
2 -1 
surface area of approximately 150 m g . PGC 19, made from
commercially available Corning Porous Glass, have an extremely
2 -1 low surface area of 21 m g . Later batches of PGCs show
greater percentages of carbon, at least 99%, indicating that 
most of the silica template has been removed.
6.2.2 Structure of PGC and other Commercial Carbons
Figure 6.2-1 a is the X-ray diffractogram of PGC after 
heating to 1000°C and after the silica has been removed com­ 
pletely. The carbon obtained at this stage has a large
2 -1
surface area (300-400 m g ) due to the presence of micro- 
pores and is unsuitable for liquid chromatography. Two 
broad diffuse maxim as are seen in the X-ray diffractogram, 





























































































































































































































































































































































































































































































































10 18 26 34 42 50 58 66 74 82
20 Degrees
FIG. 6.2-1 : X-RAY DIFFRACTOGRAMS




These broad reflections correspond to an amorphous structure. 
A study of the high resolution electron micrograph (figure 
6.2-2) confirms the amorphous nature of PGC where no structure
o
is seen at the 1OA level. As PGC is heated to high tempera­ 
tures, the diffraction peaks become sharper and move towards 
higher angles as shown in figure 6.2-1(b). This diffracto- 
gram should be compared with diffractograms of PGCs that are 
unsuitable for LC which are shown in figure 6.2-3. For a 
good batch of PGC there is a sharp (002) diffraction peak
o
corresponding to an interlayer spacing of 3.43A. The (004) 
band is also discernible. Two dimensional (hk) lines are 
clearly seen, which include the (100) and the (110) lines. 
It is clearly seen that the (101) line is completely absent 
indicating that PGC is two dimensional. This would indicate 
that PGC differs from true graphite in that the layers that 
are present do not have regular orientation. High resolu­ 
tion electron micrographs of two good batches of high heat- 
treated PGCs show the development of extensive graphite-like 
sheets which are strongly interconnected [figures 6.2-4(a) 
and 6.2-4(b)]. These interconnecting sheets are responsible 
for giving strength to PGC and its successful use in LC. The 
presence of flat angular surfaces in PGC can also be clearly 
seen. Bad batches of PGCs do not show such extensive 
development of graphitic sheets [Figure 6.2-4(c)]. In 
Carbopack, however, the crystallites are larger and can be 
seen to be independent of each other. This probably accounts 
for the fragile nature of this material (Figure 6.2-5). The 
surface of Carbopack is also highly angular with flat graphitic 
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FIG. 6.2-3: X-RAY DIFFRACTOGRAMS OF























































































































glassy carbon, its structure appears to be quite different. 
From the study of HREM and X-ray diffraction PGC would most 
appropriately mean "Porous 2d-graphitic carbon" and not 
"Porous glassy carbon" as it was originally called.
The layer ordering of PGC can also be followed by 
electron diffraction, where there is a distinct formation 
of the (002) ring [Figure 6.2-6(b)] when compared to amor­ 
phous PGC [Figure 6.2-6 (a)].
The highly porous nature of PGC can be clearly seen in 
the scanning electron micrographs (Figures 6.2-7 and 6.2-8) 
and high resolution electron micrographs (Figure 6.2-9) PGC 
has a pore volume of 1.7 cm g
Figure 6.2-10 shows X-ray diffractograms of PGCs and 
carbons used in LC. All carbons performing well in LC have 
similar 2d-diffraction patterns. On the other hand, Black 
Pearls and carbon coated silica particles are amorphous and, 
therefore, have been found to give poor results in LC.
Tables 6.2-2 and 6.2-3 give the calculated crystallite
sizes, L and L , respectively, of PGC, Carbopack and graphite. a c
o
PGCs have layer diameters of around 100A and layer thickness
o
of around 70A. The crystallite sizes of both PGC and 
Carbopack are very much smaller than those of natural graphite.
The interlayer spacings, d (002), obtained for both 
Carbopack and PGC are similar to, but greater than, that of
o
graphite and is equal to 3.43A (Table 6.2-4). On the other 
hand, the Bragg spacing for carbon atoms within each layer, 
d (100), is slightly less than that of graphite with a value 
of 2.13A. "Black Pearls"/ a non-graphitized carbon, has the 
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FIG. 6.2-10 •• X-RAY DIFFRACTOGRAMS
OF POSSIBLE CHROMATOGRAPHIC 
CARBONS
Table 6.2-2 L - Layer Diameter in Carbons
a
B/Radians 0/deg L (100)
o
A
Graphite 0.01 21 .2 304.00
Carbopack 0.02933 21 .2 103.49
PGC 64 (2340°) 0.02933 21 .2 103.49
PGC 205-208 (2500°C) 0.02095 21 .2 144.89
PGC 57 (2600°C) 0.01730 21 .2 175.68
L = 1.84 A/Bcos9 a
B = intrinsic peak breadth at half height in radians
Table 6.2-3 L - Layer Thickness in Carbonsc
B/Radians 8/deg L (002)
Graphite 0.01 13.3 250.0
Carbopack 0.02933 13.0 49.77
PGC 64 (2340°C) 0.02025 13.0 70.24




L = kX/Bcos0 c
K = 0.86 for L measurements and B is the intrinsicc
peak breadth at half peak height. •
Table 6.2-4 Bragg Spacings for Carbons






Graphite 13.3 3.35 21 .2 2.13 22.3 2.03
Needles 13.3 3.35 21 .2 2.13 22.3 2.03
Carbopack 13.0 3.43 21 .2 2.13
PGC 64 13.0 3.43 21.2 2.13
Colins Black 
Pearls
12.2 3.65 21.0 2.15
d = 0.7709/Sine
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from the true graphitic structure.
The variation of crystallite sizes and Bragg 
spacing of PGC at different temperatures are shown in tables 
6.2-5 and 6.2-6 respectively. These can be represented by 
figure 6.2-11 which clearly shows the increase and decrease 
of crystallite sizes and Bragg spacing respectively with 
increasing heat treatment temperatures. The intensity of 
the (002) diffraction peak also increases as shown in figure 
6.2-12.
As noted earlier, most samples of carbon including 
carbopack are contaminated with needles. This can be clearly 
seen in the scanning electron micrograph in Figure 6.2-13. 
These needles which are about 10urn long and 1 urn wide are highly 
graphitic and dense as seen in the high resolution electron 
micrographs (Figure 6.2-14). The presence of needles can 
also be detected using X-ray crystallography. Figures 
6.2-15(b) and 6.2-16 (b) show the X-ray diffractograms of 
Carbopack and PGC 201 respectively, both contaminated with 
needles. The (002) and the (004) diffraction peaks are 
doubled. The prominent (101) and (112) peaks typical of 
graphite can also be clearly seen when these samples are 
fractionated by sieving so as to remove the needles, the 
extra diffraction peaks disappear [Figures 6.2-15(a) and
6.2-16(a)] .
The diffraction angles of PGC and Carbopack with and 
without needles have been tabulated (Table 6.2-7) and com­ 
pared with the diffraction angles of graphite. It is. clearly 
evident that these needles are highly graphitic. The 
regular layer ordering present in the needles are shown i:.n
Table 6.2-5 Variation of Crystallite Size (L and L )a c





































e for H =13.0 deg.
L =21.2 deg. a
Table 6.2-6 Variation of Interlayer Spacing d, 002 v Due































FIG. 6.2 - 11: VARIATION OF CRYSTALLITE
SIZE(L a AND L c ) WITH 
DIFFERENT TEMPERATURE 
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FIG. 6.2-12: EFFECT OF TEMPERATURE ON


































































































































































































































































Table 6.2-7 Diffraction Angles of PGC and Carbopack
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Figures 6.2-18 and 6.2-19.
Two reasons may be put forward to account for the 
presence of these needles. Firstly, there is still the 
presence of high molecular weight aromatic hydrocarbons which, 
at high temperatures, volatilise and then deposit pyrolytic 
carbon. At the same time, at temperatures greater than 
1000°C, impurities present in the carbons may act as catalytic 
nuclei around which aromatics can easily recondense and 
graphitize. This is evident by HREM in Figure 6.2-20 where 
a concavity is seen at the tip of a formed graphitic needle, 
the concavity may represent the position of a metal particle 
which has evaporated away at higher temperatures.
The study of the X-ray diffractograms of PGC 77 cont­ 
aminated with iron deliberately [PGC 77 (Fe)] and PGC carefully 
prepared to exclude such contamination (PGC Quartz) shows 
the presence of a distinct shoulder in the diffractogram of 
PGC-Fe (Figure 6.2-21). This can be due to the presence of 
needles. Therefore, it would appear that the presence of 
metal impurities would enhance the formation of needles. In 
addition, a study of the HREM of PGC 77 (Fe) and PGC 77 (Quartz) 
further confirms the idea that metals induce graphitization 
as a greater degree of graphitization is seen in PGC 77(Fe) 
(Figures 6.2-22 and 6.2-23).
Analysis of the X-ray diffractograms of several commer­ 
cially available carbons (Figure 6.2-24) highlights the misuse 
of the term 'graphite 1 . The graphite felt supplied by 
Carbolite furnaces does not show any structure close to 
graphite. In fact, it is a totally amorphous material! 



























































































































































































































































































60 70 80 90
degree
FIG. 6.2- 24: X-RAY DIFFRACTOGRAMS OF
COMMERCIAL CARBONS.
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phases, small crystallites of graphite being present in 
an otherwise amorphous matrix. The graphitized carbon 
black studied also do not have the structure of true graphite 
but, in fact, have the two-dimensional structure seen in 
PGC.
6.2.3 Identification of Trace Elements in PGC and other 
Carbons
PGCs, carbopack, Colin's Black Pearls and carbon-coated 
silicas all contained the same trace elements viz. Zinc, 
Copper, Nickel, Iron, Titanium and Calcium. Table 6.2-8 
shows the types of metals detected in the different samples 
and figures 6.2-25 and 6.2-26 show X-ray fluorescence traces 
of PGC 57 and 61 respectively at 1000°C and at temperatures 
greater than 2000°C. In general, the concentration of con­ 
taminants noted above were reduced by high temperature treat­ 
ment.
Some earlier batches of PGCs (PGC 57 and 59) contained 
huge amounts of metallic impurities compared with the recent 
batches of PGCs (PGC 61) as can be seen from Figures 6.2-25 
and 6.2-26. This could be due to the fact that with the 
earlier batches of PGCs dissolution of silica was carried out 
using fused KOH at 450°C. This had, in fact, caused corrosion 
of the stainless steel vessel, and the process was discontinued
However, some of the samples of PGCs came back with 
higher metal content of some contaminants. The vessel or 
crucible used and general precautions taken at higher 
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FIG. 6.2-25(a): X-RAY FLUORESCENCE OF
AN EARLY BATCH OF PGC 






FIG. 6.2-25(b): X-RAY FLUORESCENCE OF AN
EARLY BATCH OF PGC AFTER 
HIGH HEAT TREATMENT
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FIG. 6.2-26: X-RAY FLUORESCENCE OF A LATER
BATCH OF PGC BEFORE (a) AND
AFTER(b)HIGH HEAT TREATMENT.
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heated at Anglo Great Lakes, PGCs 57 and 59 showed con­ 
tamination of tungsten, copper, titanium and copper. When 
samples were heated at Swansea, there was the contamination 
of barium apart from titanium and copper (PGCs 60 and 61). 
Atomic Weapons Research Establishment (AWRE) incorporated 
contaminants like calcium, barium and uranium1! X-ray 
fluorescence traces of different carbons are shown in Figure 
6.2-27.
6.2.4 Conclusions
1. PGC has been incorrectly named as porous glassy carbon. 
Its proper name should be porous 2d-graphitic carbon due to 
its two dimensional nature.
2. It is fairly common to find the term 'graphitized 1 used 
in a much less rigorous fashion. Carbon products which have 
been treated to some arbitrarily high temperature (see 2500°C 
or above) are very often called graphite or said to have been 
graphitized by virtue of such treatment alone, without regard 
to their final structure. As noted in section 4.2, graphites 
have 3-dimensional Bernal structure. The wrong usage is 
based on the misconception that the structure of a carbon is 
determined primarily by the maximum temperature of treatment 
without regard to the nature of the precursor or the treat­ 
ment time, and that all carbons treated to a particular 
temperature have the same structure regardless of their 
origins. 'Graphite' Felt as seen in section 6.2-2 has an 
amorphous structure despite the fact that it has been heat 
treated at temperatures near 3000°C. "Pyrolytic graphite" 




















































































































the two-dimensional amorphous structure typical of un- 
graphitized carbons. 'Graphite 1 fibers and fabrics and 
'graphitized 1 carbon blacks are other examples. 'Graphitized' 
carbon blacks, which have been heat treated to 3000°C, do not 
have the Bernal 3-dimensional structure of graphite but possess 
only two-dimensional or turbostratic order. This misuse of 
terminology is certainly confusing. While-one might hope 
that the terms graphite and graphitization could be reserved 
to those carbon materials which develop substantially the 
three-dimensionally ordered graphite structure, it is probably 
now too late to expect a general adoption of such a recommen­ 
dation. At best we could expect that the origin of the 
material, the maximum treatment temperature and the time at 
the temperature will be used to specify the thermal treatment 
history of less perfect carbons and that the term "graphite 1 
be used for 2- or 3-dimensional ordered carbons.
3. Contamination of high temperature 2-dimensional graphites 
with needles seems to be a common feature of all carbons 
heated to higher temperatures. A proper purging system is, 
therefore, desirable in order to eliminate these needles.
4. Structural study by HREM confirms why PGC is a much 
stronger material than graphitized carbon blacks by clearly 
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7 .1 Surface Complexes on Carbon
7.1.1 Introduction
A very large number of studies of chemisorption of 
gases and vapours have been made on carbons of diverse forms 
ranging from chars, activated carbons, carbon blacks and 
cokes. In all these carbons, the portion of carbon which 
exists in the form of disordered, single, unstacked, graphite- 
like layers is the more susceptible to chemisorption of gases 
and vapours, while the portion which shows some degree of 
well-ordered parallel stacking is the less susceptible. In 
addition to graphite layers there are many exposed defects, 
dislocations and discontinuities in the layer planes of the 
macrocrystalline carbons, apart from the edges of the carbon 
layers. Such sites, called the 'active' sites, are associated 
with high concentrations of unpaired electron spin and, there­ 
fore, are expected to play a significant role in chemisorption. 
Moreover, charcoals and activated carbons, being porous, and 
carbon blacks, being composed essentially of spherical particles 
of colloidal dimensions, have large internal and external 
surface areas for unit weight respectively. The surface 
carbon atoms located at the active sites, due to residual 
valencies, show a strong tendency to chemisorb other elements 
such as oxygen, hydrogen, nitrogen, chlorine, bromine, iodine 
and sulphur and give rise to nonstoichiometric stable surface 
compounds called surface complexes. Many of the surface 
reactions of charcoals and carbon blacks arise either because 
of their tendency to chemisorb other elements or because of 
the existence of a superficial layer of the chemically bonded
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elements. It is now known that almost all types of carbons 
are covered with oxygen complexes unless special care is 
taken to eliminate them. These complexes are often the 
source of the property by which a carbon becomes useful or 
effective in particular applications.
7.1.2 Carbon-oxygen Complexes
7 .1.2.1 Formation of carbon-oxygen complexes
Several methods of forming carbon-oxygen surface com­ 
plexes have been reported in recent years; the commonest of 
these involve the reactions with oxidizing gases.
7.1.2.1.1 Reactions with oxygen
Oxygen is chemisorbed more readily than'most other
elements and carbon-oxygen complexes are the most important
1in influencing surface reactions of carbons. Smith, in
1863, was probably the first worker to suggest that when 
oxygen is adsorbed on a carbon surface it undergoes a chemical 
change. He found that adsorption of oxygen on charcoal did 
not cease after a month, and that while nitrogen and other 
gases adsorbed on charcoal could be easily removed, oxygen
could be removed only on strong heating and then as carbon
23 4dioxide. Rhead and Wheeler ' , Lowry and Huelett all con­ 
firmed that the gases evolved when charcoal is heated to 900°C 
consisted entirely of carbon dioxide and carbon monoxide, 
the former predominating at lower temperatures and the latter 
at higher temperatures. Further evidence for chemisorption 
of oxygen on carbons was furnished by the work of Langmuir ,
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£ 7 8Lambert and Lepin . Ward and Rideal found that the heat 
of adsorption of oxygen on charcoal even at 0°C, was of the
order 165 KJ/mole; suggesting the chemical nature of the
9-11 interaction involved. Other workers reported even
higher values, ranging from 160 to 250 KJ/mole.
1 2 According to Puri et al the chars of sugar and coconut
shells continue to pick up oxygen slowly from air but rapidly 
from oxygen atmosphere at room temperature. In 
oxygen, the process was completed in twelve hours but in air 
it took almost three months for completion. The presence of 
moisture had very little effect on the rate of pick-up. The 
same value for oxygen content, characteristic of the charcoal 
and the temperature of carbonisation, was obtained in every 
case. The values were appreciably less if they had been 
carbonized at higher temperatures.
7.1.2.1.2 Reactions with nitrous oxide
A number of reactions between carbons and the oxides of
nitrogen resulting in the chemisorption of oxygen have been
13—18 17 reported . Smith and co-workers using Graphon and sugar
charcoal found that the interaction with nitrous oxide in the 
temperature range of 400-650°C, first involved a rapid oxida­ 
tion of the active centres, giving rise to carbon-oxygen 
surface complexes and free nitrogen. This oxidation was 
followed by a slow reaction in which the complexes were oxidized 
to gaseous carbon dioxide and more free nitrogen was produced. 
The following reaction mechanism was suggested:
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NO + (C) faS> N + (CO)
^ L^
surface-complex 
N2 0 + (CO) SlOW ) N 2 + CO + (CO)
(CO) ———> CO
(where entities in parenthesis are meant to represent 
surface atoms or groups).
1 8 Later, Smith et al extended this work by using nitric oxide
in place of nitrous oxide. At temperatures up to 200°C, 
they observed a rapid fixation of oxygen with production of 
free nitrogen. At higher temperatures, particularly between 
450 and 600°C, nitrogen, carbon monoxide and carbon dioxide 
were produced besides surface oxygen complexes. The authors 
postulated that a molecule of nitric oxide reacts with another 
molecule at the site of the oxygen complex on the surface to 
give nitrogen and carbon dioxide, and an oxygen complex on the 
adjacent carbon atom. The new oxygen complex served as a
site for further adsorption of nitric oxide, and thus the
ereaction was continued. The preceding mechanism was represented
by the following scheme:
2NO + 2(C')———> N2 + 2(C'0) 
NO + (C'O) s (OC'-__.ON)
NO + (OC 1 , ... ON) + (C")——> c '° 2 + N 2 + (C"0)
NO + (OC'_____ ON) + (C"')—>C'0 + N+ C'"0
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The entities enclosed in the parenthesis represent 
species chemisorbed on the carbon surface.
"7.1.2.1.3 Reactions with water vapour
A number of investigations have been reported on reactions 
of activated carbons and carbon blacks with water vapour at
different temperatures, under static as well as dynamic con-
19 — 25 1 9 ditions . The work of Smith, Pierce and Joel indicated
that the treatment resulted in the formation of a hydrogen 
complex as well as two oxygen complexes, one that decomposed 
easily as carbon dioxide and the other, which was more stable,
decomposing as carbon monoxide when heated to temperatures
22 above 500°C. This was confirmed by Singh, Parkash and Puri
who further proved that nearly 60% of the oxygen fixed as a 
complex was disposed of as carbon dioxide and the rest as car­ 
bon monoxide. According to them, the (CO) complex was formed 
only between 200° and 400°C and not at higher temperatures. 
This was explained as due to oxidation of this complex to 
gaseous carbon dioxide by water vapour at higher temperatures.
H2 0 + (C) ———> H2 + (CO) 
(CO) + H20 ———> C0 2 + H2
These observations are significant in showing that the 
more stable (CO) complex, which ordinarily can be desorbed 
completely only on heating in vacuum to about 1000°C, can be 
eliminated by heating in a current of steam for six to eight 
hours even at 400°C.
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7.1.2.1.4 Reactions with carbon dioxide
Reactions of carbon with carbon dioxide ha/e been
2 fi 
reviewed by Walker, Rusinko and Austin . It has been
27 28 suggested ' that carbon dioxide oxidizes carbons to
carbon monoxide, forming oxygen complexes as intermediates 
The various steps of the reactions are:
C02 + (C) fast > CO + (CO)
(CO) ————> CO
CO + (CO) ————» C02 + (C)
29 Deiz, Carpenter and Arnold observed three increasing
levels of interaction between carbon and carbon dioxide: 
(1) pure physical adsorption, (2) formation of an adsorption 
complex having a bicarbonate structure and (3) formation of 
an adsorption complex with a carbonate complex.
7.1.2.2 Temperature of formation of carbon-oxygen complexes
Walker and co-workers studied chemisorption of 
oxygen on Graphon, a highly graphitized carbon black in the 
temperature range 300-625°C at low pressures up to O.SmmHg. 
A sharp increase in the saturation amount of oxygen adsorbed
at temperatures of about 400°C was observed. Later, in 1968,
34 Walker suggested that only the carbon atoms located at the
edges of the basal planes were active in chemisorbing oxygen. 
Lussow , however, on account of his work suggested that
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chemisorption of oxygen at 625°C occurs not only at the 
edge atoms but also at lattice intersections and defects.
-j c
Hennig from microscopic examination of single graphite 
crystals concluded that at temperatures below 800°C the 
oxidation rate of the edge carbon atoms was about twenty 
times as high as that of the carbon atoms at the cleavage 
surface.
7.1.2.3 Decomposition of carbon-oxygen complexes
The surface oxygen complexes formed on treatment of 
carbons with oxygen or oxidizing gases are generally stable
even under high vacuum, at all temperatures below the tempera-
37 ture of formation . They are generally stable to about
250°C when outgassed around this temperature, the gas evolved 
consists mostly of carbon dioxide and water vapour. Around 
500°C, the evolution of carbon monoxide commences and with 
increasing temperatures the ratio CO-/CO continuously decreases. 
Above 600°C / the gas evolved is largely carbon monoxide. 
Hydrogen comes off as steam to about 500°C - occasionally to
700°C - and above that, as the elementary gas which comes off
12 38—40 in large quantities in the region of 700-1000°C ' .
41 42 Johnson ' showed that the combined oxygen in carbon
blacks comes off on evacuating slowly at 400°C and rapidly
at 955°C in the form of carbon dioxide and carbon monoxide.
43 44 Anderson and Emmett ' heated a few samples of carbon blacks
1 2 in vacuum at different temperatures. Puri and co-workers '
subjected carbon blacks to a treatment of vacuum pyrolys.is 
but emphasized that such treatment should be carried out with
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gradually increasing temperature so that the carbon dioxide 
evolved at 200-300°C temperature range could be absorbed 
in sodium hydroxide as soon as it was formed and so escaped 
reduction to carbon monoxide at the higher temperatures. 
Similarly, the chemisorbed water was removed at much lower 
temperatures (<500°C) to minimize the chances of its inter­ 
acting with carbon at higher temperatures. Caltharp and
45Hackerman conducted a thermal decomposition of the com­ 
plexes on Spheron-6 by passing a stream of purified helium
over a sample of the carbon black which had been pre-dried
46 at 150°C. Smith et al heated their samples in a current
of hydrogen at 1000°C to remove carbon-oxygen complexes and
47 to obtain clean surfaces. Puri, Kumar and Singh showed
that the treatment of charcoals in a current of hydrogen at 
600°C for sixteen hours causes a complete elimination of 
oxygen as well as partial elimination of hydrogen. According 
to these workers, there were no indications of reformation 
of these complexes on mere exposure to air at room tempera­ 
ture .
48 On the other hand, however, Lohenstein and Deitz showed
that the treatment of bone char with hydrogen at 400°C results 
in enhanced chemisorption of oxygen at 200°C and concluded
that the hydrogen treatment causes the formation of some C-H
49 bonds. Emmett observed an increase in surface area of
carbons when heated with hydrogen as carbon atoms are lost 
from the surface producing methane resulting in surface 
etching. This is analogous to treatment with steam or 
carbon dioxide where oxides of carbon are produced when
steam is passed.
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7 .1 . 2 . 4 Acid-base Character of Carbons in Relation to 
Chemisorbed Oxygen
The acidic or basic character of a carbon depends upon 
its history of formation and, in particular, upon the tempera­ 
ture at which it has been heated. King reported that 
charcoal activated in air or oxygen at a particular temperature 
has a specific pH value characteristic of that temperature. 
Singh, Sharma and Puri showed that the pH value of sugar 
charcoal in aqueous suspension, which was close to 3, increased 
as the charcoal was outgassed at increasing temperatures. 
It increased to 7 at 750°C and rose further to about 8.6 at
1000°C.
52 53 
Puri et al and Smith have shown that carbons outgassed
at high temperatures and exposed to oxygen between 200° and 
700°C adsorb appreciable amounts of strong bases but very 
little of strong acids. The optimum temperature for the 
development of maximum capacity to adsorb bases has been shown 
to lie close to 400°C, which corresponds to the temperature of 
maximum fixation of oxygen. On the other hand, if outgassed 
carbons are exposed to oxygen either below 200°C or above 
700°C they adsorb strong acids but very little strong bases.
7 .1 .2.5 Acidic Surface Oxides
The presence of acidic surface oxides has been implied 
since the time it became known that oxygen-containing carbons 
can neutralize appreciable amounts of alkalies irreversibly 
52 ' 54 " 57 . According to Puri et al. 52 ' 54 , Weller and Young 55 
and Boehm et al. if a suspension of charcoal or carbon black
149
is agitated with a moderate excess of a strong alkali, 
preferably in an atmosphere of nitrogen, for a sufficiently 
long time, extending to two or three days, it is possible to
obtain maximum and reproducible values.
5 8 Studebaker carried out potentiometric titrations of
a number of carbon blacks in a non-aqueous medium (ethylene 
diamine) using 0.1N sodium amino ethoxide as the titrant. 
The acidity values obtained were much higher than that
obtained at titrating with sodium hydroxide in an aqueous
5 9 medium. On the other hand, Rivin. did not find any
difference in acidity values whether by titrating in aqueous 
or in non-aqueous medium using strongly basic lithium aluminium 
hydroxide in diethyl sorbitol.
According to Puri and co-workers the amount of sodium
1 2 hydroxide or barium hydroxide needed to neutralize charcoals '
38 39 54' and commercial carbon blacks were found to be equiva­ 
lent to the amounts of the (CO,.,) complexes. As the amount of 
the complexes decreased on outgassing the samples at increasing 
temperatures, the capacity for base-adsorption decreased 
correspondingly. When the entire amount of the complex was 
eliminated on outgassing at around 700°C the carbon completely 
lost the property to neutralize alkali even though it retained 
an appreciable amount of oxygen. This is illustrated by 
titration curves of sugar and coconut charcoals in figure 
7.1-1 and some commercial carbon blacks in figure 7.1-2 
using barium hydroxide as the titrant. The points of 
inflection of the titration curves of the sugar and coconut 
charcoal (Fig. 7.1-1) are quite sharp and resemble very closely 
the titration curve of carbonic acid in the case of carbons
0 10 20 30 40 5O 
meq Of Bd(OH)^Utre Of CO;
200 400
meq Of
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Ba(OH) /lOOg Charcoal
FIG. 7.1 -1 .'TITRATION CURVES OF SUGAR
CHARCOAL OUTGASSED AT
DIFFERENT TEMPERATURES, AND
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Barium Hydroxide Added 
(meq/lOOg)
FIG. 7.1-2 DURATION CURVES OF
VARIOUS CARBON BLACKS
WITH BARIUM HYDROXIDE
from Ref! 54 )
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of high acidity. As the acidity decreases with the 
increase in the temperature of evacuation the curves become
C "7 (i -1
flat and the points of break are not easily detected ' 
Puri et al. ' on the other hand, questioned the existence 
of strongly acidic groups on the surface of activated carbons 
and carbon blacks because the titration curves obtained for 
carbon blacks (Fig.7.1-2) were flat and without a break and 
unlike those on sugar charcoal did not resemble those of 
strong acids, but instead indicate the presence of much weaker 
acid groups, of strength comparable to that of a phenol group. 
The pK values taken as pH values at half neuralizations lie 
between 9 and 10.
When Mogul was subjected to oxidation with nitric acid 
whereby its surface acidity was as high as 530 mE/100 g the
titration curve shows a sharp inflexion with a pK value of
54 54 about 5.5 (Figure 7.1-3). Puri and Bansal subjected
the oxidized Mogul to partial evacuations to eliminate 
increasing amounts of the (COp) complex at different tempera­ 
tures whose titrations are also given together with that of 
the original Mogul.
Kruyt and Kadt ' and Schweitzer and Goodrich 
attributed acidity of carbon blacks to carboxyl groups. 
Hofmann and Ohlerich and Studebaker et al. also suggested 
the presence of phenolic groups to account for the non- 
hydrolyzed fraction of the products. According to Garten 
and Weiss , acidity of carbons is primarily due to three 
functional groups namely phenols, f-lactones and n-lactones. 
They also questioned the existence of carboxylic groups.
0
-*- Mogul Treated with HNO3
Mogul Treated with Hf ~ 
then outgassed at 300
4—t-As above but outgassed 
at 400°
Mogul untreated
100 200 300 400 500 600 700 
BARIUM HYDROXIDE (meq/100)
FIG.7.1-3 :TITRATION CURVES OF
MOGUL WITH BARIUM
HYDROXIDE ( from Ref.54)
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7 .1.2.6 Influence of Carbon-oxygen Complexes on Surface
Behaviour of Carbon
The presence or absence of 'surface oxides' determines 
the surface properties of carbonaceious or graphitic materials. 
The findings of Hennig indicated that functional groups are 
located mostly on the edge atoms of the graphitic planes and 
as these edges constitute the main adsorbing surface, the 
oxygen complexes have a considerable influence on surface 
behaviour and surface reactions of carbon.
7.1.2.6.1 Adsorption of electrolytes
The influence on adsorption of electrolytes, particularly 
acids and bases, has already been discussed. Smith has 
reported adsorption of sulphur dioxide at sites of oxygen 
complexes.
7.1.2.6.2 Hydrophobicity
Pure carbon is hydrophobic. The hydrophobicity decreases 
if oxygen is present. Functional groups formed by oxidation
makes the carbon hydrophilic by providing sites for the
6 8 
chemisorption of water molecules. Pierce and Smith , Dubinin,
Zaverine, and Serpenski , McDermot and Arnell all support 
the cluster theory of hysteresis. They are of the opinion 
that oxygen provides active centres at which sorption of water 
proceeds in the form of isolated clusters through hydrogen 
bonds. These clusters then grow in size, as more adsorption 
takes place on adsorbed water molecules which are secondary 
adsorption centres by means of hydrogen bonds and ultimately 
they merge at a higher relative vapour pressure to form a
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continuous layer on nonporous carbons and to bridge the 
walls of the pores on porous carbons. The hysteresis 
arises from the fact that while adsorption proceeds the 
formation of clusters, desorption takes place from continuous 
layers in non-porous carbons and from menisci in the case of 
porous carbons. The steep rise in the adsorption isotherm 
curves, in fig.7.1-4, in the region of mean equilibrium 
relative pressures of 0.3 to 0.5 is connected with the 
appearance and growth of these complexes from the associated 
water molecules. Adsorption and desorption isotherm of 
water possess an S-like shape typical of active carbons and 
are characterized by a clearly defined hysteresis region. 
However, very little benzene is adsorbed since carbon micro- 
pores are inaccessible for this larger molecule.
7.1.2.6.3 Selective adsorption
Kipling and co-workers and Puri et al. ' showed 
that the presence of combined oxygen imparts polar character 
to carbons, as a result of which they exercise preferential 
adsorption for a more polar component of a binary mixture. 
Spheron-6 which contains oxygen, preferred methanol from its 
solution in benzene, while Graphon, which was essentially free
of oxygen, preferred benzene. According to Puri and co-
74 75 workers ' these preferences are much greater than those
shown by silica gel whose surface largely consists of polar 
silanol (Si-OH) functional groups. They also point out 
that these preferential adsorptions are due to the presence 
of large amounts of C0~ complex on the carbon surface. On 
the other hand, if the amount of the complex is decreased by
a 8
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FIG.7.1 -4 : SORPTION AND DESORPTION
ISOTHERMS OF VAPOURS ON
CARBON AT 20°C. 1, WATER 
2,BENZENE.(from Ref.106)
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outgassing the carbons at 750°C so that appreciable amounts 
of oxygen are still retained by carbons, they show less 
preference for both ethanol and methanol and more for benzene. 
It appears that quinone groups, which form part of the CO 
complex promote preference for benzene.
Thus, while one part of the combined oxygen (present as 
C02 complex) promotes preferential adsorption of alcohols, , 
another part (present as CO complex) promotes preferential 
adsorption of benzene. These results indicate the need to 
determine not only the total oxygen but also the form in which 
it is evolved in order to assess correctly the performance 
and surface behaviour of carbons
Note: The adsorption of benzene, on the other hand, can be 
said mainly to be due to flat graphitic surfaces not oxygen 
complexes.
7.1.2.7 Functional Groups of Carbon-oxygen Complexes
Several types of polar, groups have been identified on 
oxidized carbon surfaces . The most common species are 
carboxyl,R-COOH, phenolic hydroxyl,R-OH, and carbonyl,R>C=Q,R 
being the graphitic substance in each case. Other possible 
groups, the identification of which is less firmly established, 
include a) lactones, possibly a condensation product of 
adjacent carbonyl and carboxyl groups, b) quinoid structures 










The presence of quinone groups on the surface of
carbons have been confirmed by a number of workers '' 57/
fi fi 7 8 — 8 (~)
' . During the reaction with diazo-methane the
7 8 
nitrogen content of the samples was found to increase due
to the formation of pyrazoline rings:
OH
CH 2N 2
6 fi Studebaker et al. analysed twelve carbon blacks and
concluded that nearly 18% of the total oxygen was present in 
1,4 quinone form. The evidence for the presence of simple 
quinones or quinones in association with phenols through 
hydrogen bonding seems to be fairly convincing.
The s urface oxide layer has been studied by specific chemical 
reactions and by employing spectroscopic, potentiometric and 
polarographic techniques. As a result of these investiga­ 
tions, the existence of such functional groups as carboxyls, 
phenols, lactones of fluorescein type (f-lactones), normal
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lactones, aldehydes, quinones, hydroquinones and ethereal 
structures have been postulated. The validity of applying 
organic reactions for identification and estimation of surface
groups can be questioned.
8 1 
According to Boehm et al. the functional groups present
on graphite crystallites react only slowly and incompletely. 
The chances for completing the reaction in the case of micro- 
crystalline carbons would be far less, because of the large 
surface area and, in many cases, the microporous nature of 
these materials and the inaccessibility of sites to reagent 
molecules. Moreover, the groups on the surface are not 
likely to behave in the same way as those present in simple 
organic compounds because of possible association between 
adjacent groups and steric hindrances. The infrared spectra
can only be of limited help. As has been rightly pointed
8 2out , it is often difficult to obtain clear evidence from the
81 
spectra because of continuous background absorption and
also because of the likelihood that the various functional 
groups may not be present as simple, independent, nonassociated 
structures.
The various methods for analysing the functional groups 
on carbons have been tabulated in table 7.1-1. The results 
of Studebaker et al.. indicated that for every 3.2 atoms of 
oxygen found in carboxylic groups one atom of oxygen was present 
in phenolic groups. Furnace blacks contained 5%; channel 





Methods of Analysis References





Carbon fibers, refluxed 
with an excess of calcium
The technique was
developed by
Donnet et al. 84
acetate in a water slurry Herrick et al.
for 24 hr.
2R-COOH+(CH COO) 2 Ca
•> (RCOO) 2 Ca + 2CH 3 COOH 
Acetic acid formed by the
employed the technique 
to carbon fibres
reaction is then titrated
with N/50 KOH.
2. Methylation with diazo Studebaker et al. 66
-methane used the method in
RCOOH a number of carbon
R-COOCH + N 2 
The methyl esters formed 




3. Reaction with thionyl 
chloride to give an acid
Donnet86
chloride which can
R-COOH + SOC1 2 +RCOC1
HC1
be characterized by further 
reaction with dimethyl ani­ 
line to give an anilide.
4. Decomposition of carboxyl Puri and Bansal 40,54
groups at 900°C.
5. Reaction with Grignard
«
reagent (methyl magnesium 
iodide). Amount of CH, 
evolved was measured 
R-COOH + CH Hgl •* 
R-COOMgl + CH4
6. Carbons heated with 
calcium acetate and the 
amount of acetic acid set 
free is measured.
6 1 Villars used
the method for
carbon blacks
Studebaker et al. 
and Boehm et al.
66
Table 7.1-1 (cont.)
B. Determina- 1. Titration with sodium Boehm
87




Surface phenolic hydro- 
xyls appear to be neutra­ 
lized by sodium hydroxide 
but not by sodium carbonate 
so the difference between 
the NaOH and Na 2C0 3 titra- 
tion values gives a 
measure of phenolic 
hydroxyl concentration.
2. Methylation with diazo- Goan and Prosen
88






3. Reaction with Grignard Villars on carbon
reagent blacks
R-OH + CH3MgI + ROMgl 
+ CH. (measured)
Table 7.1-1 (cont.)





89methane to give a cyclic by Studebaker
pyrazoline
oII OH
None of the methods
1,2 or 3 have been
used with carbon fibers
2. Hydrogen titration 






3. Reaction with sodium
borohydride
0
+ NaBH, + 2H
y






7.1.2.8 Hypothetical Structures of Carbon-oxygen Complexes
Several hypothetical structures and formulae have been
90 assigned to carbon-oxygen surface complexes, Langmuir
assuming each oxygen atom to be chemically bonded to a surface 




Body of the / C\ /C v /C\
filament C C C
This hypothesis explained the difficulty in removing 
oxygen from carbons.
Pyrolysis studies conducted on charcoals and carbon 
blacks indicates that the oxygen complexes are of more than 
one type and that the composition of the evolved gas, at a 
particular temperature, depends on the type and the amount 
of the complex decomposing at that temperature. There are 
also indications that there are definite surface groups which 
evolve carbon dioxide and similarly there are distinct groups
responsible for the evolution of carbon monoxide and water
56 59 91 vapour. It has been suggested ' ' that carbon dioxide
is derived from carboxylic groups and their derivatives such 
as lactones while carbon monoxide is mainly a decomposition 
product of quinones, hydroquinones, and phenols. Water
appears to come from hydroquinone.
92 93 Blench and Garner and Garner also suggested the
existence of three different surface oxides on charcoal 
because the adsorbed oxygen was liberated in three forms
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namely as oxygen, as carbon monoxide and as carbon dioxide.





!l \/ ii ii iic - c - c c-c-c -c-c-c-c
I II III
Formula I represents the process of physical adsorption 
and oxygen can be recovered unchanged. Formulae II and III 
represent the process of chemical combination. Structure II 
evolves carbon dioxide and structure III evolves carbon
monoxide on heating.
95 Shilov et al. in order to explain adsorption of acids
and bases by carbons, suggested the existence of three different 
surface oxides.
C >C ^>C = 0 - C = 0
00 0
/ ^ / S /c *>c *>c = o —c = o
C 0
0 "Nc or -^C = 0 - C = 0
/ ^^ \
C 0 0
I / \ /(A) *>C *>C = 0 - C = 0 
(B) (C)
A and B were supposed to be alkaline and C acidic. The
96 presence of acidic oxide was supported by Lepin but the
existence of alkaline oxides was questioned.
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7.1.3 Carbon-Hydrogen Surface Complexes
Carbons are pyrolyzed residues of organic compounds 
and the presence of hydrogen is expected. It is present 
as chemisorbed water and as phenolic, hydroquinonic, possibly 
carboxylic groups and in direct 'combination with carbon 
atoms. It is eliminated as elementary gas only when carbons 
are outgassed at temperatures above 500-600°C. It is not 
completely eliminated even if the temperature is raised in
vacuo to 1200°C. The total hydrogen content in carbon blacks
97 that have been analyzed varies between 0.01% and 0.8%
This quantity, although very small, is significant because of
the low atomic weight of hydrogen compared to carbon. Thus
97 according to Studebaker one hydrogen atom was present for
every 3.2 carbon atoms present at the edges of the layer 
planes.
Treatment of carbons in a current of hydrogen at 1000°C
19 47 48 has been used for the removal of oxygen complexes ' '
No carbon-hydrogen complexes are formed during the treatment.
47 Indeed, according to Puri et al. , an appreciable portion
of the combined hydrogen is eliminated during the process.
98 19 Although both Studebaker and Smith et al. did not
notice any change in surface area during treatment in hydrogen
23 at any of the temperatures, Emmett , on the other hand,
reported an appreciable increase in surface area together with 
a loss of carbon as methane during the treatment. Hydrogen 
treatment may, therefore, cause some degree of surface etching 
which could be undesirable.
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7.2 Gas Reactions with Carbon
7.2.1 Introduction
Gas reactions of carbon and carbonaceous materials 
contribute substantially to the world's energy requirements. 
Principally, these are the reactions of carbon with oxygen, 
or air, steam, and carbon dioxide. The exothermic reaction 
with oxygen is still the major source of energy in the world. 
The endothermic reaction of carbon with steam produces carbon 
monoxide and hydrogen, which are used either directly as 
gaseous fuels or as synthesis gas to be converted catalytically 
to a series of hydrocarbon fuels. The reaction of hydrogen 
with carbon to produce methane may be important industrially 
in future. The gas-carbon reactions have been an integral 
part of our industrial economy for many years. More recently, 
the use of graphite as a moderator material in nuclear reac­ 
tors has created a new need for minimizing the reaction of 
carbon with its ambient atmosphere.
The kinetics of the gasification reactions of carbon have
99- 
been the subject of much study and several excellent reviews
1 03 which survey most of the significant fundamental work of
the last fifty years. In order to study primary chemical 
reactions and to determine their kinetics free from the inter­ 
fering effects of mass and. heat transfer phenomena many 
experimental studies have been conducted under special con­ 
ditions with respect to (a) the pressure, (b) gas velocity, 
(c) type of carbon sample and (d) method of heating. Letort 
and co-workers ' , Langmuir , Strickland-Constable , 
Vastola and Walker ' have indicated that the reactions
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of steam, carbon dioxide and oxygen at pressures in the 
range 10 mm of mercury were first order between 1000°C and 
1800°C.
7.2.2 General Mechanisms for the Gas-carbon Reactions
One of the main steps involved in a gas-carbon reaction 
is the chemisorption of the gas (in whole or in part) on the 
carbon surface. Most workers agree that chemisorption occurs 
only on a relatively small fraction of the total surface
Oxygen is chemisorbed on 6% of the total surface of amorphous
110 carbons at 200°C , hydrogen and water vapour is chemisorbed
11 1 on 4% of a graphite and 0.5% of a charcoal surface chemi-
112 sorbs carbon monoxide . Nitrogen is chemisorbed on 0.4% of
the surface while argon and helium are not adsorbed.
In chemisorption, the surface atoms must have free valence 
electrons in order to form strong chemical bonds with gas
molecules or atoms. Work by Ingram and Austen, and Winslow
114 115 et_ al. , and by Hennig and Smaller using electron
paramagnetic resonance absorption techniques, have confirmed 
the presence of unpaired electrons in various types of carbons,
the number of unpaired electrons being a complex function of
113114 113 carbon heat-treatment temperature. ' Ingram and Austen
further concluded that these unpaired electrons are located 
primarily at, or close to, the carbon surface.
Chemisorption experiments have shown the carbon surface 
to be heterogeneous. In addition to the normal sources of 
heterogeneity (holes and dislocation in the lattice) , carbon 
is a multicrystalline material, which means that its surface,
161
in most instances, will be composed of different crystallo- 
graphic planes. The degree of heterogeneity in carbon 
surfaces will depend upon the percentage of different crystal-
lographic planes composing the surface and size, and will
99 affect gas-carbon reactions. Walker et al. have considered
two main orientations of crystallites in the carbon surface 
namely (i) crystallites with their basal planes parallel to 
the surface, and (ii) crystallites with their basal planes 
perpendicular to the surface. According to Grisdale the 
rate of oxidation of carbon crystallites is 17 times faster 
in the direction parallel to the basal planes (along their 
edges) than perpendicular to them. This indicates that the 
specific reactivity of a carbon would be at a minimum when its
surface contains a maximum of crystallites with their basal
1 1 7 planes parallel to the surface. Smith and Polley compared
* 
the oxidation rates of original and 'graphitized' (2700°C)
samples of Sterling FT carbon black, which have almost the 
same surface areas (15.4 and 16.6 m2 /g). The orientation of 
the two samples is shown in figure 7.2-1. In the original 
carbon black, there are a number of exposed edges in the 
surfaces for reaction to occur at a relatively high rate. On 
the other hand, they picture the graphitized carbon black as 
being in the shape of a polyhedron with its entire surface 
composed of crystallites with their basal planes parallel to 
the surface. They found that the oxidation rate of original 
Sterling FT carbon black was twelve times greater than that 
of'graphitized' carbon black.
* 99 117NOTE: Walker _et a_l. and Smith and Polley used the
term 'graphitized' to mean heated to an elevated 
temperature above 2200°C and does not mean the carbon 

















































































































7.2.2.1 Carbon-carbon Dioxide Reaction
There is a general agreement that the rate of gasification
of carbon by carbon dioxide can be expressed by a Langmuir-type
118—121 equation (31) which takes the form:
Rate = lp C0 ((7.2-1)
where PCQ an<3 pco are t ^rie Partial pressures of carbon dioxide 
2
and carbon monoxide and the constants k. , k- 2 an^ k.. are func­ 
tions of one or more rate constants .
There are several hypothetical mechanisms which give the 
required form of rate equation (7.2-1), the steps of which 
are analogous to the general scheme used to represent a 
catalytic reaction:
(1 ) S+R ^ SR
(2) SR ^ SP
(3) SP ^- S+P
where S represents the catalytic surface, R represents the 
reactant(s) and P represents the product (s).
For the gasification of carbon by carbon dioxide 
the scheme can be represented as :
(1) C f + C02(g) — 1* C0(g) + CIO)
(2) C(0) - C0(g)
(3) C0(g) + C f -=± C(CO)
163
where C f - free carbon sites and C(0) = surface bound oxygen 
C(CO) = surface bound CO.
Mechanism A applies when the rates of the back reactions 
of reaction (1) and (2) are negligible.
Mechanism A:
k 1
(1) C f + C02(g) _4 C0 (g) + C(0)
k 3
(2) C(0) -J> C0 (g)
(3) C0 (g) + C (f) -^ C(CO)
K -2
in which k. , k.,, k and k~ are the rate constants for these 
reactions. At steady state, the rates of formation and 
removal of the surface complexes are equal. The rate of 
gasification in this type of mechanism can be obtained as 
follows. 
Assuming [C f ] + [C(0)] + [C(CO)] = C , = constant
= ct
Then
dCO = 2k 1 C,r .C0 0 
~dF 1 t 2
k 1 C f* C°2 = k 3 C(0)
.CO C f - k_ 2 C(CO)
C(0) = C0 2 .C f
k 2 
and C(CO) - ~ CO.Ck -2
k kc f (1 + ^ C0 2 + ir 2 co) = c t
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COIt 2 
. ' . Rate = ' r
1 21+—- C0 0 + — CO
v k
K 3 -2 (7.2-2)
which is equivalent to equation (7.2-1)
Mechanism B applies where the rate of the back reaction 
of reaction (2) is negligible and where reaction (3 ) is not 
important.
Mechanism B:
c f + co2(g) - c(o) + co (g)
-1
k 3 
(2) C(0) —— ̂> C0 (g)
and the rate of gasification can be calculated as follows:
Rate = 2k 1 C f .C0 2
k 1 C f* C°2 = k -1 C(0) - co + k 3 C(0)
if Cf + c(o) = cTotal
k +k.C0 9 +k_ CO 
Then c ( - 1 ) = C
Rate = 2k 1 C0 2 .C t (k_.] CO + k
(7.2-3)
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Mechanism A and B both state that carbon monoxide 
retards the gasification of carbon by carbon dioxide.
Mechanism A has been strongly supported by Gadsby and
112 co-workers who found that a large part of the oxygen on
the surface of charcoal was due to the adsorption of carbon
120 122 123 monoxide. On the other hand, Reif , Ergun , Key and
1 24 Strickland-Constable all support mechanism B.
There are two schools of thought as regards the study 
of oxygen and exchange reactions occurring during the. over-all
gasification of carbon with carbon dioxide. Bonner and
1 2 S 1 ? 8 Turkevich and Brown by using radioactive carbon, C 11+ ,
as a tracer confirm that some carbon from the original carbon 
dioxide is transferred on to the carbon surface. Brown 
states that this carbon transfer occurs to a greater extent 
in sugar carbons than in graphite. He suggests that when 
carbon dioxide reacts with a small fraction of the active 
surface of carbons, the carbon dioxide deposits its carbon 
atom on the surface and its oxygen atoms depart with two new
carbon atoms giving rise to surface rearrangement. Other
127-145 workers indicate that equation (1) of either mechanisms
expresses an oxygen exchange phenomenon, not the carbon trans­ 
fer from solid to gas phase by isotropic tracer techniques. 
Studies of surface reactions ' with carbon-oxygen 
systems have demonstrated the ability of carbons to retain 
oxygen at certain sites on their surfaces by chemical bonding.
On an initially cleaned carbon surface, carbon dioxide is
139 reduced to carbon monoxide at temperatures as low as 450°
The oxygen lost by carbon dioxide remains on the carbon
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surface. 102 ' 106 ' 138 ' 140 ' 141 These studies demonstrate 
the ability of certain carbon atoms to detach an oxygen 
atom from a carbon dioxide molecule. In a reverse manner, 
oxygen retained on the surface can be removed by carbon mon- 
oxide? 02 ' 103 ' 110 ' 111 ' 141
The equilibrium constant of the oxygen exchange reaction, 
K. , is given by:
(Ct ) = K 1 = (CO) (CQ )
(C0 2 ) (C f ) (7.2-4)
1 46 Ergun and Mentser have made quantitative measurements
of oxygen exchange on Spheron 6, a carbon black at 800° and 
850° in flowing CO^-CO mixtures. The derived numerical 
values of the parameters k 1 (C.), k 2 (C ) and K. are given in 
table 7.2-1. The experimentally determined values of 
equilibrium constant K 1 of the oxygen exchange reaction are 
plotted as a function of temperature in fig.7.2-2. The dashed 
line corresponds to data obtained with carbons (activated 
carbon, activated graphite, Ceylon graphite). At low 
temperatures, values of K for coke are lower; at 1200°C 
they become identical with those of relatively pure carbons. 
The apparent heat of reaction is about 27 kcal/mole for coke 
as compared with 23 kcal.mole for carbons. Ergun and 
Mentser accounted che differences to be due to large amounts 
of mineral matter present in coke which can react with carbon 
dioxide and carbon monoxide.
Table 7.2-1 Kinetic parameters for dynamic oxygen 
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FIG.7. 2-2: EQUILIBRIUM CONSTANT OF THE
OXYGEN EXCHANGE REACTION OVER 
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There is a general agreement " that experimental 
data on the rate of gasification of carbon by steam also fit 
a langmuir type equation which takes the form:
_ . .^Rate = ^_2_ (7>2 _ 5)
where PH Q and ?„ are the partial pressures of steam and 
hydrogen and the constants k. r k^ and k^ are functions of one 
or more rate constants. This equation is identical to that
of the carbon-carbon dioxide reaction.
149 150 Gadsby et al. and Johnstone et al. have suggested
the following mechanism: 
Mechanism A:
f + H 20 (g) C(H2 0)
(2) C(H 2 0) -4 C0 (g) + H2(g)
(3) C f + H2(g) - C(H 2 )
At steady states, the rates of formation and removal 
of the surface complexes are equal. The rate of gasifica^ 
tion of carbon by steam can then be represented as:
168
p
Rate = Vk 3 H2°
The mechanism of the carbon-steam reaction is discussed
1 48 in more detail by Long and Sykes . They propose that the
steam molecule decomposes at the carbon surface into a 
hydrogen atom and hydroxyl radical both of which chemisorb 
rapidly on adjacent carbon sites. This is followed by the 
hydrogen atom on the chemisorbed hydroxyl radical joining the 
hydrogen atom on the adjacent carbon site and leaving as a 
hydrogen molecule. Therefore, on further breakdown of the 
steps in mechanism A may be written as:
(1) 2C f + H 20———> C(H) + C(OH)
(2) C(H) + C(OH) ———> C(H) + C(0)
(3) C(0) ——^ C0 (g)
(4) C(H2 )^ C f + H2(g)
152 120 On the other hand, Ergun and Mentser and Reif
suggest a second mechanism to be operative. 
Mechanism B:
C f + H 2 0 (g) - C (0) + H 2(g)
169
k 
(2) C(0) ——> C0 (g)
(3) C0 (g( + C(0) - C02(g) + C f
-2
The actual gasification is represented by step (2) 
which involves the occupied sites, that is, an occupied site 
leaves the solid phase to form carbon monoxide. The carbon 
monoxide formed can, as does hydrogen, remove oxygen from 
occupied sites to form carbon dioxide (step 3) which, in turn, 
can be reduced by a reaction site to form carbon monoxide.
170
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Note: Due to the large number of figures and tables 
presented in this chapter, they have been 
placed at the end of the chapter.
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8.1 A Packing Method for PGC.
8.1.1 Introduction
Two methods are available for packing particles into 
HPLC columns; the dry packing method which is widely used 
in packing particles of 40 um and above, and the slurry 
technique for microparticles in the range 3-20 um. The 
slurry techniques have been reviewed by Bristow. There 
appears to be five requirements for a satisfactory slurry - 
packing procedure namely:
(i) The particles must not sediment too fast during 
the procedure.
(ii) Each particle should have time to settle before it 
is bu ried by other particles landing on top.
(iii) The particles must hit the accumulating bed at a 
high impact velocity.
(iv) The particles must not agglomerate.
(v) The liquid used to support the slurry must be easily 
washed out and must not react with the packing material.
There are two schools of thought regarding the 
selection of the slurry solvent. One school selects non- 
polar balanced density liquids. These proponents imply 
that since particles do not fall due to the high viscosity 
of the solvents there is no limit to time available to 
pack and that viscosity is unimportant. The solvents are 
generally brominated or iodinated alkanes. They are not 
to be recommended because of the toxicity and expense.
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Others favour polar and low-viscosity liquids such as water, 
methanol or acetone. Particles, therefore, sink relatively 
rapidly but also pack rapidly.
The slurry technique has been mainly used in packing
2 3 
carbon columns. Colin and Guiochon ' employed this
technique even for particles greater than 20 |im. They 
used the balanced density method with a mixture of dibromo- 
ethane and acetonitrile (76:24 v/v) for packing both modified 
carbon black and carbon-coated silica particles. The
packing pressures used were 300 bars for larger particles
4 
and 600 bars for the smaller particles. Unger et al
employed a high viscosity slurry of 17.5% w/w dioxan- 
paraffin oil (21:79 v/v) and the columns were packed 
downwards. Smolkova et al used a slurry of 5% (w/w) of 
carbon adsorbents in tetrachloromethane. The slurry was 
treated in an ultrasonic bath for 5 minutes, and then 
packed in the column using heptane as the follower under 
a pressure of 20-30 MPa. Ciccioli et al , on the other 
hand, dry packed their graphitized carbon black particles 
greater than 20 kirn. They found that the use of fritted 
metal ends were found to damage graphitized carbon black 
particles. The column ends were, therefore, separated from 
the packing by means of 180-200 p.m metal particles. These
•
were kept in place by a 10 |im metal screen supported on a 
PTFE o-ring placed in contact with the internal wall of 
the metal fritting. Polyamide ferrules were used to 
ensure a tight metal-glass connection.
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8.1.2 Experimental , Materials & Equipment
PGC 72 was packed by the slurry technique using a 
number of solvents at different packing pressures. The 
solvents were of HPLC grade and bought from Rathburn 
Chemicals (Peebleshire, Scotland). The packing pump was 
purchased from Shandon Southern Products Ltd. (Runcorn, 
Cheshire, England). The columns used were also of the 
Shandon type (100 mm long and 5 mm internal diameter). 
The packing equipment that was used in packing columns 
is shown in figure 8.1-1. For a 100 x 5 mm column 
approximately 1.6 gms of packing material was dispersed 
in 33 cm of slurry solvent by placing, for 10-15 minutes 
in an ultrasonic bath. The slurry was then poured in the 
packing chamber as quickly as possible. The columns were 
packed upwards until 100-150 cm of the follower solvent 
was pumped through the column. The column and packing 
chamber was then inverted and another 50 cm of the 
follower solvent was allowed to pump through the column 
before switching off the pump. Column F was packed using 
the Halasz and Maldener method . In this method of packing, 
a packed restrictor column was placed at the outlet 
end of the column as shown in figure 8.1-2.
HPLC was performed using a home assembled equipment 
comprising of an Altex 110A or DuPont Instruments 
Chromatographic pump, a tfheodyne 7125 injection valve and 
a Cecil Instruments Ce212 or a Kratos ultraviolet photometric 
detector.
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The columns were all tested using the standard phenol 
test mixture comprising of phenol, anisole, p-cresol, 
phenetole and 3,5-xylenol. The sharpness of the phenetole 
was an important criteria in deciding the quality of the 
packing.
8.1.3 Results and Discussion
Three main problems have been encountered in trying 
to pack earlier batches of PGC; firstly, the insufficient 
mechanical stability of the early batches of material; 
secondly, the agglomeration of particles, and thirdly 
the presence of 'needles' in PGC.
Table 8.1-1 lists the number of columns studied (A-U) 
using different solvents and solvent combinations. The 
columns have been graded according to the quality of the 
test chromatograms obtained; resolution of the five test 
solutes was essential and the phenetole peak should be 
sharp and symmetrical. The series of chromatograms are 
illustrated in figures 8.1-3 - 8.1-10.
In general, non-polar solvents appear to be very 
bad solvents for packing PGC (with reference to PGC 72). 
This would imply that the surface of PGC 72 studied is not 
totally hydrophobic and non-polar. Cyclohexane seems to 
give channeling effects. Acetone and methanol seem to be 
the best solvents for packing PGC. Furthermore, the 
columns packed with these solvents (Columns H, N and P) 
have all three been packed at 6000 psi, indicating that
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PGC's have a mechanical stability comparable to chemically 
bonded phases. A low initial packing pressure is very 
important. There is the tendency of PGC crushing when in 
contact with the metal frits at the end of the column and, 
hence, an initial low pressure is important.
A stable packing pressure is also important. Column A 
was packed with methylene chloride but with the packing 
pressure increasing at the rate of 500 psi/minute. When 
the performance of this column is compared with column I, 
there is a marked decrease in performance and the resolution 
of the solutes is poor.
It has only recently been found that impurities in the 
solvents used for packing can deteriorate the performance 
of PGC's. After the column is flushed with a strong solvent 
for PGC, like Dioxan, the chromatographic performance is 
restored. Hence only very pure solvents should be used 
for packing carbon columns.
Furthermore, there is also a tendency for agglomeration 
of the particles. If the particles are placed in an ultra­ 
sonic bath for 10-15 minutes, a good dispersion of particles 
can be obtained.
Also, the presence of needles in PGC's and other 
forms of carbon can hinder packing. Since these needles are 
very fine their removal can pose a big problem. Therefore, 
it is highly desirable that the formation of these needles
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should be avoided and appropriate precautions should be 
taken. Figure 8.1-10 shows a test chromatogram of PGC 
badly contaminated with needles. Badly tailed peaks 
are seen for all the test solutes.
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8.2 Analytical Separations of PGC
8.2.1 Introduction
Batches of porous carbons produced as in section 6.2, 
have been successfully used in liquid chromatography. The 
method of packing,as indicated in section 8.1, is straight 
forward and easy. Low back pressures are obtained allowing 
ease in operation. The porous carbon produced is compared 
with the existing reverse phase material, CDS. PGC has a 
selectivity quite different from CDS because of its flat 
graphitic surface. The retention of solutes on reversed- 
phase columns is mainly due to a balance between the non­ 
specific interactions of the adsorbent with the solute and 
the eluent. Because of the absence of polar and hydrogen 
bonding surface group, carbon should be the ideal reverse- 
phase material and because of its chemical inertness, 
resist solvolysis.
The retention of a solute is defined in terms of 
its capacity factor (k 1 ) which is related to the thermo-
dynamic adsorption constant (K) by the equation:
A 
k' = K —
V o
= K . —— . A
where A is the total surface area of the adsorbent in a s
column of dead volume V . d is the packing density of the
stationary phase which has a specific surface area of A s p
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The total porosity of the column is E T . If dR and e T can 
be assumed constant from one material to another, k ' will be 
proportional to the specific surface area of the packing. 
While such an assumption will not generally hold due to 
variation in particle porosity (from the method of the 
preparation of the material) and packing density (from 
packing procedure) . e and d are often not quoted. The
1 K.
rough assumption is the best that can be made for comparison
purposes. Also, we have evaluated k' QQ as being the
2 
equivalent k 1 value if the carbon had an area of 100 m /g.
k' is obtained for any measured k' value by the formula:
i . ii 100
K —— K" V '
K 100 K obs Asp
where k'^n is the observed capacity factor and A is the 100 i. -j Sp
specific surface area of the material.
A characteristic feature of the reverse-phase system 
is the linear dependance of log kR 1 on the number of carbon 
atoms. The selectivity, a, for a homologous series is
given as:
k '
K n + 1
a
k 1
or log k ' = an + 8
where n is the number of carbon atoms in the molecule. A 
true homologous series is obtained by adding successive 
CH- groups to a linear alkyl chain as, for example, in 
the n-alkylbenzenes . A quasi-homologous series is one 
where the CH 2 groups are not added into a straight alkyl
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chain as seen in polymethybenzenes. Although smooth 
linear plots are obtained for true homologous series, 
isomeric effects give a considerable scatter of points for 
any series and a values are only approximate.
8.2.2 Experimental 
Materials and Equipment
PGC's used were produced as described in section 6.1. 
Table 8.2-1 lists the various materials used in LC. Solvents 
of HPLC grade were obtained from Rathburn Chemicals, 
Walkerburn, Peebleshire, Scotland. The chemicals used were 
obtained from BDH and Fisons. HPLC was performed using a 
home assembled equipment comprising of an Altex 110A or 
DuPont high pressure pump, a rheodyne 7125 injection valve 
and a Cecil Instruments Ce212 or a Kratos ultra-violet 
photometric detector. Columns were either of the Shandon 
Southern Instruments pattern (100 mm long, 5 mm bore) or 
of the HETP pattern (100 mm long, 2 mm bore) when the 
quantity of material was limited. Columns were packed at 
1000 psi either using dichloromethane as the slurry 
liquid and methanol as the follower or acetone as both the 
slurry liquid and follower. The upward-flow slurry method 
was adopted as indicated in Section 8.1.2.
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8.2.3 Results and Discussion
All columns packed with PGC were tested with a test 
mixture comprising of phenol, p-cresol, 3,5-xylenol, 
anisole and phenetole. PGC shows a kinetic performance which 
is comparable to ODS as illustrated in figures 8.2-1, 
8.2-2 and 8.2-3 on three different batches of PGC. For 
a good batch of PGC, the peaks are sharp and symmetrical. 
Furthermore, the retention of solutes is also significantly 
lower when compared with the retention on a bad batch of 
PGC. Table 8.2-2 gives a comparative retention data, between 
a good and bad batch of PGC and Figure 8.2-4(a) gives 
comparative chromatograms. PGC that has been heated at 
higher heating rates during high temperature treatment 
shows asymmetrical peaks as shown in figure 8.2-4(b). It 
has also been found that the order of elution in both the 
materials, PGC and ODS, is different. On ODS, it is found 
that ethers like anisole and phenetole are comparatively 
more retained than the phenols. On the other hand, on PGC, 
the phenols appear to be more retentive.
A functional group selectivity study on both PGC and 
ODS further indicate that different potentials of the two 
reversed phase materials as seen in figure 8.2-5. PGC 
would appear to be the ideal reversed phase material for 
the separations of benzenes, phenols and anilines. On
the other hand, nitro bcrxze^e can be easily separated
QCft-VofW-nOrwu
from ' using ODS as a reversed phase material. Such
a separation has not been possible on PGC in any kind of
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solvent that has been studied so far. Furthermore, there 
is an interesting point to note - toluene is more retained 
on ODS than on carbon!
Homologous and quasi-homologous series
The plot obtained for n-alkylbenzenes is compared with 
plots obtained for quasi-homologous series in figure 8.2.6 
using acetonitrile/H^O as the eluent.
The ou for n-alkyl benzenes is found to be 0.19
te
and for pseudohomologous series is 0.44-0.47 using aceto- 
nitrile/H 2 0 as an eluent. A quasi-linear plot is obtained 
for alkylbenzenes which is similar to the plot obtained
o
by Colin et al on modified carbon black. They also 
obtained a different slope for n-alkyl and polymethyl­ 
benzenes both on modified carbon black and carbon-coated 
silica particles similar to that obtained on PGC. The 
selectivity, a, for both PGC and ODS have been compared 
using the homologous and pseudo-homologous series (Table 8.2-3) 
On ODS, similar slopes of the plot corresponding to n-alkyl 
and polymethylbenzenes and polymethylphenols of about 
a = 0.14 have been obtained using acetonitrile/H 2 0 as an
o
eluent. Colin et al obtained similar results on ODS. 
These results may suggest that adsorption on carbon packings 
is more specifically related to molecular configuration than 
adsorption on silica and that the projected area of a 
molecule is critical rather than the total surface area. 
Therefore, the selectivity for homologous series seems to 
be better on carbon adsorbents than for ODS. Also, it can
191
be observed in figures 8.2-7 and 8.2-8 that ODS seems to 
be more retentive for smaller aromatic molecules and PGC is 
more retentive for large aromatics, therefore, giving 
rise to crossing over effect in the selectivity plots. 
This further confirms the earlier observation on functional 
group selectivity where toluene is more retained on ODS 
than on carbon. For aromatic substitution, this crossing- 
over seems to occur with compounds having greater than 7 
carbon atoms, and for aliphatic substitution crossing over 
occurs for compounds having more than 12 carbon atoms.
Furthermore, by using an eluent mixture of
methanol-water (95:5 v/v) it is possible to obtain different 
slopes for methylbenzenes, phthalates and aliphatic ketones 
on PGC. This is illustrated in figure 8.2-9. Figures 
8.2-10 - 8.2-19 gives separations of polymethylbenzenes, 
polymethylphenols and alkylbenzenes on different batches 
of PGC's and ODS.
The separation of polymethylbenzenes on two different 
good batches of PGCs is shown in figures 8.2-10 and 
8.2-11. The separation can be compared with one obtained 
on a bad batch of PGC (shown in figure 8.2-12 for 
PGC 70-A) where the retention obtained is longer and the 
peaks are significantly broader. Separation of 1,2,3,4- 
tetramethylbenzene on PGC 26, an earlier batch of PGC, is 
shown in figure 8.2-14. A flow rate of 0.5 ml min could 
only be used as the back pressure produced at this flow
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rate was significantly high (2000 psi). The separation 
of polymethylphenols is also shown in two good batches 
of PGCs (figures 8.2-15 - 8.2-16). These chromatograms 
should be compared with that obtained on PGC 70-A shown 
in figure 8.2-17. The retention of polymethylphenols is 
longer and the peaks are badly tailed. The separation 
of polymethylphenols oh PGC 26 is shown in figure 8.2-18. 
A good separation of alkylbenzenes on PGC 64 could also 
be obtained. This is" shown in figure 8.2-19.
The study of selectivity or a values of polymethyl­ 
phenols, polymethylbenzenes and atkylbenzenes indicate 
that different selectivity is obtained for aromatic and 
aliphatic substitution as shown in table 8.2-4. Very 
low selectivity is obtained with alkylbenzenes; acetonitrile 
giving the best selectivity and dioxan giving the least 
selectivity. For aromatic substituted solutes, greater 
selectivity is obtained for polymethylbenzenes than 
polymethylphenols; Acetonitrile and methanol giving the 
best selectivity and dioxan the least selectivity. For 
a particular solvent, the order of selectivity or a values 
would be alkyl benzenes < polymethylphenols < polymethyl­ 
benzenes .
Geometrical Isomers
As expected from the high values of a for quasi- 
homologous series PGC seems to give good selectivity for 
geometrical isomers. Positional isomers on an aromatic 
ring can be easily separated, for example, the separation
193
of 1,3,5- and 1,2,4-trimethylbenzene (figure 8.2-10). 
On PGC, it is found that the meta-isomers are less retained 
than the ortho- and para-isomers as seen in the separation 
of xylenes, trimethylbenzenes (figure 8.2-10) and 
xylenols (figure 8.2-20). The work of Colin et a]? also 
indicated that the m-derivative was the least retained 
using acetonitrile as the eluent. The separation of three 
isomers was achieved using PGC 26 as illustrated in 
figure 8.2-21 where o-xylene appears to be the most 
retained. These results are consistent with the observations 
on alumina and silica. On the other hand, the case of 
separations of polar positional isomers, the ortho-derivative 
is less retained than the para-derivative. This is 
illustrated in figures 8.2-22 and 8.2-23 for the 
separations of o- and p-nitrotoluene and o- and p-nitro- 
aniline using methanol and methanol:water (90:10, v/v) as 
the eluents respectively. A similar result was obtained 
by Colin et al on their carbon-coated silica particles 
using acetonitrile as the eluent. The o-bromo nitrobenzene 
was the least retained whilst the p-derivative had the 
longest retention. It is, therefore, probable that this 
could be due to the fact that the solvent-solute interactions 
are different for polar positional isomers. On ODS, as 
shown in figure 8.2-13, the retention of geometrical isomers is 
quite different. The meta-isomers are, on the other hand, 
more retained than the ortho- and para-isomers. Therefore, 
m-xylene is more retained than o- and p-xylene, and 
1,3,5-trimethylbenzene being more retained than 1,2,4- 
trimethylbenzene.
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A study of the isomeric selectivity of pairs of 
isomers in different solvents have been tabulated in 
table 8.2-5 and illustrated in figure 8.2-24. The results 
do not seem to give any consistent results. Generally, one 
can conclude that dioxan being the strongest solvent gives 
poorest selectivity for small and large non-polar solutes 
and small polar solutes. As the size of the non-polar 
solute increases there is also a progressive tendency for 
hexane, methanol and acetonitrile to give greater isomeric 
selectivity! On the other hand, THF and DMF seem to be 
suitable solvents for isomeric selectivity of small non- 
polar and polar solutes.
Separation of Bases and Acids
The earlier batches of PGC (e.g. PGC 26) gave very 
badly tailed peaks for bases and acids. With the improvement 
of the method of production of PGC, the new material seems 
to be an excellent material for the separations of small 
molecular weight bases. Methanol/water systems or the 
reversed phase system seems to be the best solvent system 
for their separations as can be seen in figure 8.2-25. 
A similar separation on CDS produces very badly tailed and 
unsymmetrical peaks as shown in figures 8.2-26 and 
8.2-27.
Acetonitrile is a bad eluent for bases on carbon. 
The addition of water as a modifier brings about a drastic 
change in peak symmetry as shown in figures 8.2-28 and 
8.2-29 for pyridine and aniline respectively. This could
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be explained by the presence of active sites on the surface 
which become deactivated by water, therefore,producing a 
more homogenous surface. A bad batch of PGC gives 
unsuitable base separations as illustrated in figure 8.2-30.
Good separations of acids have also been observed in 
the acetonitrile/water system. Under similar conditions, the 




Good separations of phthalates have also been obtained 
on PGC (figure 8.2-32) using acetonitrile. When compared 
with a similar separation on ODS an interesting observation 
can be made. Diethylphthalate is always less retained 
than dimethylphthalate on PGC in all solvents studied, 
but this is not true in the case of ODS (figure 8.2-33). A
plot of log k 1 versus number of carbon atoms shows a minimum
-# 
value as illustrated in figure 8.2-9. This is again
consistent with the earlier observation that PGC, unlike ODS, 
is less retentive for smaller molecules. A similar 
separation of phthalates using methanol/water as an eluent 
do not give good peak shapes as seen in figure 8.2-34. The 
importance of solute-solvent interactions, which shall be 
discussed in Chapter 9, therefore,cannot be over emphasized.
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Other Analytical Separations
Good separations of phenylketones have been 
obtained. One such separation is shown on two different 
batches of PGC (figures 8.2-35 and 8.2-36). The solutes 
are eluted in increasing order of molecular size of the 
solutes.
Acetonitrile is also a good eluent for the separation 
of polyaromatic hydrocarbons (figure 8.2-37). A bad batch 
of PGC (due to higher rates of heating) gives high 
retention and badly -shaped peaks for naphthalene as can 
be seen in figure 8.2-38. A comparative retention data 
between PGC 64 and PGC 26 for some solutes is given in 
Table 8.2-6. The retention on PGC 64 is much less than 
that on PGC 26.
Peak Shape Study of Solutes in Different Solvents on PGC
The peak shape of solutes in different solvents is an 
important consideration when chromatographing solutes. 
Table 8.2-7 gives a general idea of peak shapes of different 
solutes in different solvents. This knowledge coupled with 
a general understanding of the eluotropic series, which 
will be discussed in Chapter 9, and of the isomeric selectivity 
that can be achieved in different solvents can give a fairly 
good idea of the type of solvent one can choose for 
particular separations.
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Variation of k' with Percentage Water Content
Figure 8.2-39 and Figure 8.2-40 show the variation 
of the retention of polymethylbenzenes, polymethylphenols and 
other polar solutes, alkylbenzenes, bases and polyaromatic 
hydrocarbons with the percentage water content. In each 
homolog ue studied (polymethylbenzenes, polymethylphenols and 
alkylbenzenes) as the size of the solute molecule is 
increased, increase in water content of the eluent brings 
about a greater change in retention of the solutes. There 
is, therefore, a progressive increase of slopes of the lines 
shown in figure 8.2-39 (a + b + c) as the size of the 
solute molecules are increased. Secondly, it can also be 
noticed that the effect of change of water content is lesser 
for polar solutes than for non-polar solutes. These two 
effects can be explained in terms of polarity of the eluent. 
Polarity cannot be neglected entirely as it influences the 
solubility of the solute in the mobile phase where 
moderately strong interactions can take place between the 
solute and the polar solvent. The solubility of phenols 
and polar solutes increases rapidly as solvent polarity 
increases due to formation of hydrogen bonds. On the 
other hand, solvent-adsorbent interactions decreases thereby 
causing the capacity factor k' of polar solutes to increase 
more slowly than non-polar or weakly polar solutes with 
increasing polarity of the solvent.
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In the case of bases (Figure 8.2-40) the same 
effect is seen; Aniline has a smaller slope than diethyl- 
aniline. In the case of polyaromatic hydrocarbons 
(Figure 8.2-41) biphenyl and acenaphthene show a peculiar 
decrease in retention as the water content is increased 
from 15% to 20%. 0-terphenyl, on the other hand, show 
a sharp increase in retention.
Deactivation and Reactivation of PGC
During the course of LC work, two batches of PGCs 
underwent gradual reductions in retention behaviour. This 
has been thought to be due to impurities in the eluent that 
deactivate the material. It has been possible to reactivate 
the column, fortunately, by washing the column with dioxan 
which was chosen because of its stronger solvent strength 
by the study of elu. otropic series data in Chapter 9. 
This deactivation and reactivation is illustrated in 
figures 8.2-42 and 8.2-43 for the test mixture on two 
different batches of PGC. Similar reductions in 
retention of polymethybenzenes (shown in Figure 8.2-44) 
and polymethylphenols were also observed. The phenomenon of 
deactivation and reactivation for these compounds can 
be seen in figures 8.2-45 - 8.2-47. After reactivation of 
the material, the retention of non-polar and polar solutes 
is greater than and less than the retention of the original 
material, respectively. The capacity factors of these 
solutes are compared in table 8.2-8. It is highly probable 
that a high molecular weight contaminant had deactivated 
the material.
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The possibility of deactivating and reactiviting 
PGC has opened a new field in the use of carbon in LC. 
Highly retained solutes can be easily chromatographed 
by the addition of suitable modifers in the eluent. Thus, 
carbon, although more hydrophobic than CDS, can be used 
for the separation of high molecular weight solutes.
The Use of Acetic Acid as a Modifier in the Eluent
Figures 8.2-48 - 8.2-52 illustrate the effect of 
using acetic acid in the eluent. Significant changes 
in the retention of solutes is observed on the addition of 
less than 1 % of acetic acid. Retention of non-polar solutes 
and polyaromatic hydrocarbons is drastically decreased; 
the decrease in retention is more significant in large size 
molecules than in small size molecules (Figures 8.2-48 and 
8.2-49). Minimum retention for non-polar solute values 
are obtained using 4% acetic acid in the eluent. Poly- 
methylphenols and nitrobenzene also undergoes significant 
reductions in retentions as illustrated in' figure 8.2-50. 
For all acids, there is also a general trend in decrease 
in retention with increase of percentage of acetic acid 
(Figure 8.2-51). Peak shapes of acids are significantly 
improved. 1% acetic acid gives good peak shapes and 
good separations for acids. On the other hand, for bases 
there is a general trend of increase in retention with 
increase of percentage of acetic acid (Figure 8.2-52). The 
peak shapes of bases worsened with the addition of acetic 
acid. Peculiar shapes were obtained for some bases. At
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about 3% acetic acid, the aniline peak is followed by 
a negative displacement peak. Reactivation of the column 
was done using sodium hydroxide. The retention of solutes 
did not revert back to their original retention. Dioxan 
was not used to wash the material and so the possibility of 
activating the column is still not very definite.
The study of PGC of metallic impurities by X-ray 
fluorescence before and after treatment of acetic acid 
gave some interesting information. Figure 8.2-53 gives a 
comparative X-ray fluorescence pattern of PGC before and 
after treatment. There is a marked increase in chromium, 
nickel, iron and zinc after treatment with acetic acid. 
This could be due to the corrosive action of acetic acid on 
the stainless steel column in an aqueous medium. The 
metals released during the corrosion would have entirely 
deactivated the column. Whether this deactivation is 
permanent or reversible is still not conclusive.
Practical Applications
Some preliminary experiments show a promising future 
for PGC. Aspirin or acetyl salicyclic acid can be easily 
separated from its acid. Such a separation is extremely 
difficult on ODS. This separation is illustrated in 
figure 8.2-54. Other analgesics like paracetamol (figure 
8.2-55) and phenacetin can also be separated using acetic 
acid in the eluent to drastically improve peak shapes. 
Caffeine can also be chromatographed as shown in 
figures 8.2-56. Figure 8.2-57 shows a separation of all the 
analgesics.
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FIG. 8.1-2: HALASZ AND MALDENER
METHOD OF SLURRY
PACKING (from Ref. 7)
Table 8.1-1 Grading of columns, from number 1 (the best) to number 19




















Type of solvent 
slurry /follower
CH2C1/CH2C1 2
CH2C1 2 /CH2C1 2
IPA/MeOH
C5H , 2/C 5H U



























































































































1 . 0 ml rr.ir.' 
Bars
ol urn
76% Acetone + 24% 
CH COONa (0.2 g 
dm" 3 ) pH 1.7
1000+6000 6.5 106 7
U 76% acetone + 
24% CH COONa 
(0.2 g dm" 3 ) 
pH 7.7
1000+6000 5.5 102




































































































































































































































































































































































































































































































































































































































































FIG.8.1 -10 : TEST CHROMATOGRAM OF
PGC CONTAMINATED WITH 
NEEDLES. Condih'ons as in 
Fig. 8.1 -3 .
Table 8.2-1 List of PGCs studied
Material Particle size Surface area
um m g~











































Flow Rate : 1 ml/min
Eluent : (a) 95% MeOH/HoO
(b)60% MeOH/ H2 O









FIG. 8.2 -3 : Conditions as in Fig.8.2-l(a)






































































































































Flow Rate •' 0.5ml/mi
Back Pressure : 1500psi 
Solutes : as in
Fig.8.2-4(a)
12 10 8 6 
Minutes
0
FIG. 8.2 -4(b) : TEST CHROMATOGRAM OF
PGC HEATED AT A HIGH 
RATE FROM 1000 TO 2500°C.
(o)PGC (b)ODS
Eluent:(a) 90%MeOH/H2 O 
(b) 70%MeOH/H 2O




















































































































































































Table 8.2-3 Comparison of selectivity of ODS and PGC








• PGC 64 




O> -A O ^
-8 -
Number of
G.8.2-7 VARIATION OF LOGk' VS. NUMBER
OF METHYL GROUPS IN POLY- 








Number of CH2 Groups
10
FIG.8.2-8: VARIATION OF LOG k ' VS.
NUMBER OF METHYL GROUPS
























































































































































































































































































































































































































































Flow Rate : 1 ml/min
8




FIG. 8.2-13: SEPARATION OF POLY- 
MET HYLBENZENES 





































































































16 12 8 
Minutes
0





FIG.8.2-16: SEPARATION OF POLYMETHYL-



































































Flow Rate: 0.5 ml/min 




































































































































































































































(1) Different selectivity obtained for aromatic and aliphatic 
substitution.
(2) Very low selectivity is obtained for aliphatic alkyl 0s,
acetonitrile giving the best selectivity and Dioxan giving 
the least selectivity.
(3) In aromatic substitution greater selectivity is obtained 
for polymethyl 0s than polymethyphenols.
PGC 64
Eluent: 95% MeOH/H 2 O 
Flow Rate : 1 ml /min 
Solutes :
1. 3,5 Xylenol L
2. 2,4 Xylenol
3. 2,5 Xylenol 
4.2,3 Xylenol
I I L L
840 
Minutes
FIG.8.2 - 20: SEPARATION OF
XYLENOLS
PGC 26








FIG. 8.3 - 21: SEPARATION OF XYLENES
MTG - 7d
Eluent-'MeOH 
































































































































































































































































































































































































































































































































































































































































































































































































Eluent: 95 % MeOH/H2O 
Flow Rate '• 1 ml/min 
Solutes-'













16 12 8 4 
Minutes
0
FIG.8.2 - 25 : SEPARATION OF AROMATIC
BASES
ODS
Eluent : 70 % MeOH/H2<

















(b) 90% MeCN/H 2O
(c) 70% MeOH/H2O
PGCi ODS
42 064 2 04 20
Minutes
FIG. 8.2-27: SEPARATION OF PYRID1NE
ON CARBON AND ODS
PGC 64
Eluent: (a) MeCN
(b) MeCN/H 2O (95:5)
Flow Rate : 1 ml /min
10 8 6 4 204 
Minutes
0
FIG.8.2-28: IMPROVEMENT OF PEAK
SHAPE OF PYRIDINE BY 





Flow Rate •' 1 ml/min
(95:5)
6 4 2042 
Minutes
0
FIG.8.2-29: IMPROVEMENT OF PEAK
SHAPE OF ANILINE BY 
















FIG.8.2 - 30 •' SEPARATION OF
AROMATIC BASES ON A
BAD BATCH OF PGC
Eluent: 90% MeCN/H 2 O 













FIG.8.2-31: SEPARATION OF ACIDS
PGC 64
Eluent-' MeCN 












Eluent: 90% MeCN/H 2 O














Eluent: 70% MeOH/h^O 
Flow Rate : Iml/min
Solutes : as in Fig. 8.2-32
3 
TV
10 8 64 20
Minutes
















Eluent: 95% MeOH/H 2 O 
Flow Rate : 1 ml/min 
Solutes: as in Fig.8.2-35
16 12 8 0
Minutes



















Eluent : MeCN 
Flow Rate : 1 ml/min
28 24 20 16
Minutes
12 8 0
FIG. 8.2-38 : SEPARATION OF NAPHTHALENE
ON A BAD BATCH OF
PGC
Table 8.2-6 Comparative retention data of some solutes
on PGC 64 and an earlier batch of PGC (PGC 26)




























































































































SA PGC 26: 382 m 2 g 1 
































































































































































































































1 1° 1 2 2 1
£






































































2 3 3h 3 3 2 1 3






























































































































































































































































































































































































































































































% Water Content in 
Methanol
FIG. 8.2-39(a) : VARIATION OF LOG. k'







o 3,5 Xylenol 
A p-Cresol
• Phenol
-0.8 <» Benzole Acid 
a Nitrobenzene
0 10 15 20
%Water Content in 
Methanol
FIG.8.2-39(b): VARIATION OF LOG. k' WITH












n-Octy I benzene 
h-Nonylbenzene
10 15 20
% Wafer Content in 
Methanol
FIG.8.2 -39(c): VARIATION OF LOG. k 7 WITH

















% Water Content in Methanol










% Water Content in Methanol





i i J L
0 0 6 0
Minutes 
FIG.8.2-42 : DEACTIVATION (b) AND
REACTIVATION (c) OF PGC 







FIG.8.2-43: DEACTIVATION (a) AND
REACTIVATION (b) 


























































































































































































































































REACTIVATED PGC 64 f
12 10 864 
Minutes
0
FIG. 8.2-47: SEPARATION QF POLYMETHYL-
PHENOLS. Conditions as in Fig.8.2-15
Table 8.2-8 Variation of k' to show deactivation by an impurity
and reactivation by dioxan of PGC 70B
k 1
Before Adsorption After Adsorption 










































































































































































































































































































































































































































































































































































FIG.8.2 -53:X- RAY FLUORESCENCE OF PGC 64
BEFORE AND AFTER TREAMENT WITH
ACETIC ACID.
l.CrK 2.MnK 3. FeK 4.CoK
\JL >*• *-~
6.WL a 7. 8. WLo9.ZnK a
Eluent-' 95% MeOH/H2O + 1 % CH3 COOH 




FIG. 8.2-54: SEPARATION OF ACETYL-




Flow Rate : 1 ml/miin
10 8
Minutes
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9. 1 What is Adsorption?
When two phases are brought into contact with each 
other, it frequently happens that one phase or some 
constituent of it gets more concentrated at the interface 
than in the bulk. This phenomenon of higher concentration 
at the interface is called adsorption. Thermodynamically,
•
adsorption is accompanied by a decrease in free energy 
as well as a decrease in entropy of the system. If 
accumulation at the interface arises from dispersion forces 
(van der Waals or London forces) the phenomenon is known 
as physical adsorption or "physisorption" and if it occurs 
as a consequence of exchange or sharing of electrons giving 
rise to ionic or covalent bonds, the phenomenon is known 
as "chemisorption". Chemisorption proceeds more rapidly 
with rise in temperature and, like most chemical reactions, 
involves activation energy. It is also termed activated 
adsorption. Hayward and Trapnell who defined the difference 
between these two adsorption types "electron transfers take 
place between adsorbent and adsorbate in chemisorption but 
do not take place in physical adsorption". The major 
differences between the two types of adsorption have been 
tabulated in Table 9.1-1.
Most normal chromatographic adsorption is of the 
physical type. However, chemisorption may occur frequently 
involving perhaps only a fraction of the solute molecules 
in any one run but in doing so lead to anomalies well known 
in open as well as column chromatography, such as irreversible
Table 9.1-1 Differences between physical and
activated adsorption




Energies involved are 
small, <15 kcal/mole
1 . Energies generally are large 
(similar in magnitude to bond 
formation in chemical 
reaction) ^20-100 kcal/mole
Adsorption and desorption 
normally rapid
2. Adsorption and desorption are 
slow (appreciable activated 
energy is involved for 
adsorption)
The intra-molecular forces 
responsible for physical 
adsorption are the 
van der Waals forces which 
hold non-ionic molecules 
together in the liquid or 
solid state.
Adsorbate gas may form mono 




An actual covalent or ionic 
bond is formed between 
adsorbing molecules and the 
adsorbent surface




loss of sample, tailing, streaking and ghost spots.
-> 4 
Dintenfass and Matsen et al have defined another kind
of adsorption termed polar adsorption, found in the 
chromatographic separation of organic molecules where 
the adsorption energies may be large, partial electron 
transfer between adsorbate and absorbent is apparent. Actual 
bonding of adsorbate and absorbent by chemical bonds is 
absent.
9.2 Adsorption and Solution Interactions
According to Snyder, in a liquid-solid system, when a 
solute molecule X is adsorbed on the surface of an adsorbent 
it is subject to three main types of interactions, namely
(a) Interactions with the surface of the adsorbent.
(b) Interactions with adjacent molecules in the 
adsorbed monolayer of solvent, S.
(c) Interactions with adjacent molecules of solvent S 
in the (bulk) unadsorbed phase.
In classical liquid-solid chromatographic systems, 
adsorbate-adsorbent interactions are important in determining 
the relative adsorption of a sample molecule in either 
gas-solid or liquid-solid chromatography. The various types 
of adsorbate-adsorbent interactions have been classified 



















































































































































































































































































Exist between every non- 
bonded adjacent pair of 
similar or dissimilar 
atoms. Important in 
Graphite (15)





INDUCTIVE FORCES Exist when one of two 
adjacent atoms or molecules 
has a permanent electrical 
field associated with it, 
e.g. a charged ion. It 
contributes to adsorption 
energy of alumina (17,18)
E, = -\ a F'
ELECTROSTATIC 
FORCES
This type of forces 
contribute to the adsorption 
of polar molecules or polar 
adsorbents like alumina (23) 
since strong surface fields 
exist over base alumina 
surface
E = -|_iF cosO e
HYDROGEN 
BONDING
Important in number of 
chromatographic systems like 
silica and alumina having 
hydroxyl groups which 
interact to basic or weakly 
basic adsorbates
CHARGE TRANSFER Bonding of many molecular 
complexes (24,25) through 
electron transfer to form 
charge transfer complexes. 
Unimportant in affecting the 
adsorption energy of a 
compound (Snyder)
Table 9.2-1 (contd.)
ADSORBATE- ENERGY OF 
ADSORBENT INTERACTIONS 
INTERACTIONS
COVALENT BONDING Important in special purpose 
OR ION EXCHANGE adsorbents which adsorb certain 
(CHEMISORPTION) sample types (e.g. sulphur
compounds, acetylenes,
aldehydes)
a and a_ = polarizabilies of atoms 1 and 2
I and I_ = lonization potential of atoms 1 and 2
M. = dipole moment
F = field strength
a = angle between the vectors of the dipole
204
9.2.1 Type of Adsorbate-Adsorbent Interactions
in Carbon
It is now generally accepted that dispersion forces 
account for all the adsorption energies of both polar and 
non-polar molecules on non-polar adsorbents such as graphite . ' 
For a given adsorbent, the contribution of dispersion 
interactions to the adsorption energy of atom 1 is 
proportional to the polarizability of atom 1 and can be 
represented by the equation:
E 1 = Ca 1 (9.2-1)
c
where a. is the polarizability of atom 1 . Kiselev has 
shown that the adsorption energies of a wide variety of 
compounds (e.g. hydrocarbons, ether, acetone, pyridine) on 
graphite are proportional to the polarizabilities of the 
adsorbate .
In terms of surface tension of substances, the above 
equation can be expressed as:
E 1 = 2A 1 /Y i /Y 2 (9.2-2)
for the adsorption energy of a molecule 1 in a surface 
composed of atoms of 2 and where y. is the dispersion energy 
contribution to surface tension of substances 1 . Fowkes 
has shown that y . of most organic compounds are equal to 




Based on the retention volume data of Belyakova
o
et al. on graphitized carbon, Snyder found the logarithm 
of the retention volume (which is proportional to the 
free energy of adsorption) to be proportional to the 
quantity A.ty.) 5 as illustrated in figure 9.2-2 which 
further confirms that dispersion forces are responsible for 






A| / y (cm-er
FIG. 9.2-2: DEPENDENCE OF SAAAPLE
RETENTION VOLUME ON SAMPLE 
MOLECULAR AREA A AND 
SURFACE TENSION 7 IN GAS- 
SOLID CHROMATOGRAPH/ 
GRAPHITIZED CARBON.
• ALCOHOLS , o ALKANES, OTHERS 
TSUBSTITUTED BENZENES( Ref. 8 )
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9.3 Retention Mechanism in Liquid-Solid 
Chromatography
9.3.1 Introduction
The theory of liquid-solid chromatography has now 
been underway for several decades. In the 1960's, Snyder
Q
detailed a model for LSC. In 1969, Soczewinski presented 
a somewhat different model of retention but the two models 
were essentially similar. This is referred to as the 
Snyder-Soczewinski (S-S) or displacement model of LSC retention 
from the assumption that an adsorbing molecule of solute 
displaces adsorbed solvent molecules during the retention 
process. In 1973, Scott and Kucera a presented a third 
model of retention in LSC which became known as the Scott- 
Kucera model.
9.3.2 The Snyder-Soczewinski Model
The S-S model assumes that in LSC systems the entire 
adsorbent surface is covered by an adsorbate monolayer which 
consists of mobile phase or solute molecules. This 
adsorbed monolayer together with the adsorbent is termed
as the stationary phase. The volume of the adsorbed mono-
2layer (ml/m of adsorbent surface) will roughly be constant
and the concentration of the solute will be small; the 
adsorbed monolayer will, therefore, consist mainly of mobile 
phase molecules.
207
A competition exists between sample and solvent molecules 
in the liquid phase for a place on the adsorbent surface. 
Retention of a solute then occurs by displacing roughly 
equivalent volume of mobile phase molecules from the mono- 
layer (see figure 9.3-1) . The adsorption of a sample 
molecule X can be written as :
X (l) + m S (a)^ X (a) + ra S (l) < 9 - 3 - 1 '
A sample molecule in the liquid phase displaces a certain 
number, m, of adsorbed solvent molecules, S, from a 
site complex. The net energy of adsorption is
AE = Exa + mEsl ' Exl - mEsa (9 ' 3 - 2 '
E , E , , E _ and E refer to the dimensionless free xa s -L X-L sa
energies (partial molal) of sample (x) and solvent (s) 
in adsorbed (a) or liquid (1) phases, respectively. 
To a first approximation,
AE = E - mE (9.3-3) xa sa
on the assumption that various interactions between mobile 
phase and/or solute molecules in solution are normally cancelled 
by corresponding interactions in the adsorbed phase.
The S-S model also treats the relative solvent strength 
(e values) of pure solvents as a function of their 
molecular structure. The S-S model states that the 
adsorption energy of the solvent molecule when the latter 
is injected as a sample divided by the molecular area (n ) 
of the solvent molecule:
oooooooo
OOOOxOOO
FIG. 9.3-1: THE COMPETITION PROCESS
O SOLVENT MOLECULE 
X SOLUTE MOLECULE
208
1 n v~i 
According to Jermyn , solvent strength on charcoal
is seen to increase with the size of the solvent molecule 
and there is a good correlation between solvent strength 
and the calculated area (A ) required by an adsorbed
w
solvent molecule (Figure 9.3-2),. This is due to higher 
polarizability per unit area of covered adsorbent surface 
for larger adsorbed molecules because of the van der Waal's 
separation between adsorbed solvent molecules.
9.3.3 Scott-Kucera Model 11 ' 16
The model of Scott and Kucera is based on binary solvent 
systems. Considering a binary system A-B, as the mobile 
phase concentration of B varies from 0 to 100%, a monolayer 
of B is formed within the first few percent addition of B 
to the binary. Following completion of this monolayer, 
adsorbing solute molecules interact with the monolayer of 
B, rather than directly with the adsorbent surfaces by 
so called "sorption" process as illustrated in figure 9.3-3. 
As the concentration of B in the mobile phase increases 
the mobile phase becomes more polar, the strength of 
solvent-solute interactions increases and solute k 1 values 
decrease. Thus in the equation
AE = E + mE , - E - mExa si xs sa






FIG.9.3- 2 : CORRELATION OF INVERSE
SOLVENT STRENGTH (C) WITH 
SOLVENT MOLECULAR AREA(A S )
FOR ADSORPTION ON 
CHARCOAL (from Ref.lOb)
O O' O 
'OOOOOO
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E is assumed to be constant (as in the basic S-S model). 
xa
E . and E do not influence AE because displacement is 
si sa
assumed not to occur (m = 0).
They also gave an equation to predict the value of 
solute k 1 in a binary system which is
1/k f = A 1 + B 1 cp (9.3-5)
Here A 1 and B 1 are constants for a particular solute and 
polar solvent B and cp is the concentration of the strong 
solvent B in the mobile phase binary. For cp greater than 
a few percent, the composition of the stationary phase 
remains constant and the assumption is, therefore, made 
that both polar and non-polar interactions of the solute 
in the stationary phase remain constant.
In references 15 and 16, Scott and Kucera state 
that the sorption model is applicable only for non-amphoteric 
polar mobile phases (e.g. methylethyl ketone, THF, ethyl 
acetate and acetonitrile) which are capable of "hydrogen 
bonding". The monolayer of the B-solvent, once formed, 
then acts as a "hydrogen-bonded phase". Solutes are retained 
by interaction with this phase (the Solution Interaction 
Model, SIM) presumably by hydrogen bonding. With the 
completion of monolayer formation by adsorbed B (at 
concentrations of B equal to 1-3% v/v) a second adsorbed 
layer begins to form (bilayer formation). Depending upon 
the extent of formation of the second layer, solute 
molecules may or may not displace a solvent molecule from
210
the second layer. However, once the first monolayer is 
formed, solute molecules do not displace solvent molecules 
from this layer unless the solute molecule is more polar 
than the solvent. The hypothesis that solute molecules 
can be retained in LSC without displacement of adsorbed 
solvent molecules was tested by both equilibrium and 
chromatographic means. It was found that solutes with 
k 1 values less than about 20 do not displace full 
equivalent of the B-solvent thus apparantly confirming 
the concept of retention of solute under certain 
conditions in the second adsorbed layer.
21 1
9 .4 Solute Retention in LSC
9.4.1 Introduction
The solute retention in LSC is governed by a 
number of factors which include the adsorbent type, the 
molecular configuration of the adsorbate molecule and 
the type of solvent used in affecting the separation. The 
different factors involved in solute retention «r« 
illustrated in figure 9.4-1 and will now be discussed in 
greater detail.
9.4.2 Adsorbent Type
The surface structure of any adsorbent is important 
in determining the selectivity of that adsorbent and its 
performance in chromatography. Table 9.4-1 shows the 
classification of LSC adsorbents according to Snyder. 
Kisel^v has further subdivided polar adsorbents into 
those with predominantly positive or negative surface
fields, thereby, interacting as electron donors and electron
1 7 acceptors with the adsorbates respectively. According to Kiselev ,
the adsorbents are divided into three general types depending 
on the chemical structure of their surfaces; his 
classification is illustrated in figure 9.4-2. Polar 
adsorbents can also be classed as acidic adsorbents 
(e.g. florisil, silica) and basic adsorbents (e.g. alumina, 
magnesia) depending on the surface pH. Alumina contains 
both acidic and basic sites. Graphitized carbon blacks 














































































































































































































Table 9.4-1 Classification of LSC Adsorbents
(According to Snyder )
Adsorbents General Class Examples
Polar Inorganic Silica 
Alumina
II Non-Polar Inorganic Graphite 
Charcoal
I-II Polar Bonded Phase Amino-propyl
VW 3 ^ 
Cyano-propyl
(C 3 CN) 
Diol phase 
(-0-CH 2 -CHOH-CH 2 OH)






































































































































































































As we have just noted, the surface of chromatographic 
adsorbents are generally heterogenous due to the presence 
of local concentrations of strongly interacting groups 
(active sites). The presence of relative active regions 
with high concentration of strong site and of less 
active regions will contribute to the surface activity of 
the adsorbent and, consequently, will affect the retention 
of solute molecules.
A monofunctional adsorbate molecule may be pictured 
as adsorbing on a single adsorbing site whereas a poly- 
functional molecule would require several distinct sites 
or a site group, the arrangement of which, in an optimum 
situation, should overlap the groups of the adsorbing 
molecule like a 'glove fitting a handj This can be observed 
in the case of specific adsorbents which selectively adsorb 
certain compounds. In alumina, where there is a linear 
spacing of sites, linear solutes are preferentially adsorbed 
to angular or non-linear isomers. Preferential adsorption 
of aromatics on charcoal or graphite can be attributed to 
be due to the matching of adsorbate atoms and adsorbent 
sites. The graphite structure of the adsorbent precisely 
matches the aromatic rings of the adsorbate.
According to Snyder, adsorbents can be characterized 
by the values V"a (adsorbent surface volume or the volume of 
an adsorbed solvent monolayer per unit weight of adsorbent) 
and surface activity function a which are related by the 
equation:
213
log K° = log Va + af(X,S) (9.4-1)
This expresses one of the fundamental relationships of 
adsorption chromatography w'l&rs
-.o _ X adsorbed (9.4-2)K — ———"~~——' '——
X unadsorbed
V and a are independent of the nature of solute molecule X a
and solvent molecule S.
V is related to the adsorbent surface area by means of
V = 0.00035 x (surface area, square metres
per gram)
9.4.2.2 Planarity of the Adsorbent Surface
The adsorbent surface is generally pictured as planar 
in most cases, and the HREM pictures shown in figure 6.2- 
4(a+b) confirm that this assumption holds well for PGC. 
The adsorption of planar or near-planar adsorbate molecules 
should be generally favoured relative to the adsorption 
of non-planar molecules of otherwise similar structure.
9.4.2.3 Pore Diameter
The internal pores of chromatographic adsorbents 
contribute to the adsorbent surface area, and adsorption 
onto such material occurs predominantly on the walls of 
such pores. The average pore diameter, d , is related 
to the adsorbent specific surface area, SA, and pore
volume V through the relationship P
dpore = 4Vp/SA (9 - 4 ' 3>
214
if it is assumed that the pores are all cylindrical.
However, most adsorbents,including active carbons, 
contain pores with a wide variety of diameters from the 
largest ones to the smallest. In terms of size, these 
adsorbent pores can be divided into three basic varieties: 
mesopores (greater than 200 A), transitional pores
(between 40 8 and 200 A) and the micropores (less than 40 8)
1 8 According to Dubinin, the smallest pores in active
carbons play the principal role in adsorption but lead to 
a heterogenous spectrum of adsorption energies. Most
chromatographic adsorbents, therefore, have d > 20 8. ^ ^ ' ' pore
1 9 Snyder has shown that the adsorption of isomeric aromatic
hydrocarbons (planar molecules) onto a 20 8 pore silica 
is unaffected by the width of the molecule.
9.4.2.4 Adsorbent Surface Area
Adsorbent surface area is important in deciding the 
suitability of the adsorbent in chromatography. According
to Snyder , satisfactory adsorbents should possess
2 a specific surface area of at least 50 m /g.
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9.4.3 The Role of Sample Structure
Molecular structure of the sample is important in 
K° determination. A practical knowledge of how K° varies 
with sample structure can be useful in designing adequate 
separation procedures. The contribution of sample 
structure to K° is expressed in the sample adsorption 
energy, S°, which is mainly determined by the kinds of 
groups present in the sample molecule, by the total 
number of groups in the molecule (group composition) and 
by the arrangement of these various groups within the 
sample molecule (group arrangement).
9.4.3.1 Group Adsorption Energies and Surface Areas 
of Adsorbed Molecules
The total energy of interaction between a sample 
molecule and the adsorbent surface is the sum of the energies 
of interaction of each atom of group i in the molecule which 
contacts the surface, that is,
S° = E Q.. 0 (9.4-4)
o © where Q. is the dimensionless free energy (AG /2.303 RT) of
adsorption of a sample group i and S is the sample adsorption 
energy of the standard activity adsorbent.
From the fundamental equation (9.4 - 1) the 
following equation can be derived, as shall be discussed 
in section 9.5:
216
log K° = log V + a(S° - A^a j.
where e° is the solvent strength. Substituting equation 
(9.4-4) into the above equation gives:
but,
log K° = log Va + a (I Q i° - A^e°) (9.4-5)
Ax = I a ± (9.4-6)
that is, AX is the sum of the areas of each sample group i. 
Then,
log K° = log V3 + £ a(Q.° - a . e°) (9.4-7)a 11
For a given chromatographic system (fixed adsorbent and 
solvent) equation (9.4-7) predicts that the alteration of a 
particular molecule X by the addition of a group i to form 
the new compound X-i will result in a constant change in 
log K for the original compound, regardless of what 
this compound is, that is,
log KX _± - log KX E a.(Q^° - a^ )
(9.4-8)
where K . and K refer to the K° values of the compounds x— i x
X-i and X- respectively. For sample molecules, X-i^ r differing 
in the number n of some group i in the molecules (e.g. 
homologs) equation (9.4-7) assumes the form
log K° = log Kv + n(AR'). (9.4-9)A Ml
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In most cases, however, it has been found that C^0 
for a given group i will vary markedly when different groups 
j,k are attached to i in the sample molecule due to 
variability of group adsorption energies as the structure 
of the remainder of the sample molecule is changed. 
Considering the adsorption of a polyfunctional molecule 
composed of groups i, j, and k, the fixed arrangement of 
these groups within the molecule will preclude the 
possibility that each group can simultaneously overlap 
an adsorbent site. This leads to one of two possiblities, 
namely:
(a) A compromise position might be adopted so that 
each group partially interacts with an adjacent 
site. This is referred to as semilocalized adsorption 
of all sample groups in the molecule.
(b) On the other hand, some group k in the sample molecule, 
if it is strongly adsorbing, may localize on a 
particularly strong site leaving the rest of the 
sample groups delocalized. Localized adsorption is 
well accepted in classical adsorption theory.
The relative energy of adsorption of a group i 
in these various possibilities decreases in the order 
localized, semi-localized and delocalized. Equation 
(9.4-4) can now be corrected for the loss in sample 
adsorption energy of delocalized groups in the sample 
molecule
S° = Z Q° - f(Q°) i 1k°Q (9.4-10)
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Since all groups i except k are assumed to be delocalized, 
the loss in adsorption energy due to delocalization must 
be summed over all groups except k. Equation (9.4-8) can 
now be written as
log K = log Va + + I a{(1-f[Q£]Q° -
(9.4-1 1)
For small aromatic molecules, f (Q) is constant
K.
for a given localized group k and is independent of the 
relative positions of the localizing and delocalizing 
groups k and i. But as the size of the sample molecule is 
increased, as in alkyl benzenes, the delocalizing effect 
becomes less severe.
9.4.3.2 Planarity of adsorbed sample molecules
As noted in section 9.4.2.2, the surface of an 
adsorbent is generally regarded as planar. Consequently, 
planar sample molecules, or molecules which can most 
easily adopt a planar configuration will be adsorbed more 
strongly than corresponding non-planar isomers. 
Aromatic molecules are normally adsorbed in a "flat" or 
"parallel" configuration on the adsorbent surface. The 
flat adsorption of aromatic hydrocarbons on alumina from 
pentane is well known. Ortho- and para-isomers are 
more retained than meta-isomers in all of the known adsorbents; 
alumina, silica and carbon. This could be due partly to 
the planarity of the isomers and also due to the fact that
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a para-methyl will increase the electron density (and 
adsorption energy) of the group i more than a methyl 
group in the meta position due to intramolecular electronic 
interactions.
9.4.3.3 Steric Hindrance in Adsorption
The optimum adsorption of a sample group i
(corresponding to a maximum value of Q. ) requires the close 
approach to the adsorbent surface or to a particular site 
on the surface. A bulky adjacent group in the same molecule 
can interfere with this process by steric hindrance, 
resulting in a reduction in the adsorption energy of i. 
Steric hindrance to adsorption is an important and frequently
encountered phenomenon. Steric effects are important in
20-23 the adsorption of pyridine benzenes, polysubstituted
, 24-26 , , , . ,_.. 27,28 benzenes and cyclohexane derivatives.
9.4.4 The Role of Solvents in Adsorption Chromatography
9.4.4.1 General Background
The selection of a correct solvent for a chromatographic 
separation is very important. A change in solvent can
alter the equilibrium constant, K°, of a sample by several
29 orders of magnitude. Jeulemans has given a good review
of the early theory of the principal factors which determine 
solvent strength in a given adsorption system. Solvent 
strength is determined by three basic contributions:
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a. Interactions between solvent molecules and a sample
molecule in solution. Solvent strength, therefore, will
increase with increased tendency of the sample to dissolve
in the solvent.
b. Interactions between solvent molecules and a sample
molecule in the adsorbed phase.
c. Interactions between an adsorbed solvent molecule and
the adsorbent.
In a ligand-solid adsorption system, Snyder-Soczewinski 
model (section 9.3) predicts a competition between the sample 
and solvent molecules for the adsorbent surface. The 
adsorption of a sample molecule X can be written as equation 
(9.3-1)
/ 1 \ / x X , . + mS , , > (1) (a) *= —— (a) (1)
where a sample molecule displaces a certain number m of 
adsorbed solvent molecules S from a site complex, giving an 
adsorbed sample molecule and m solvent molecules in the
liquid phase. As discussed in section 9.3, to a first 
approximation
AE = E -mE (9.3-3) xa sa
neglecting liquid phase energy terms, E , and E , , indicating 
that the net adsorption energy of the sample, AE, is equal to 
the adsorption energy of sample minus the total adsorption 
energy of the solvent which the sample displaces. According 
to Snyder the liquid phase or solution interactions can be 
neglected due to
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a. There is a net cancellation of dispersion energies 
in the .term mE -E of equation (9.3-2) as the dispersion 
energies (per molecule) are proportional to molecular area 
A , and the area required by an adsorbed molecule is just
X
equal to that required by m solvent molecules. Selective 
interactions are, therefore, only considered in equation 
(9.3-3) .
b. There is an equivalent solvent-sample interactions in 
the adsorbed phase which cancels out the contribution of the
individual terms E , and E , to AE.si xl
The study of Janak has shown that the liquid phase 
energy terms is 10% that for corresponding adsorbed phase 
energy terms.
The free energy of adsorption of X on the site i of an 
adsorbent is dependent upon some property of the adsorbate 
molecule and the particular adsorbent site and is given by
-F(X)f(A i ) (9.4-12)
Then we can write
E = f(X)f(A.) (9.4-13) xa i
and
E ca = f(S)f(A.) (9.4-14) sa -L
Providing that the selective interactions between X or S 
and the adsorbent are of one type. Substituting equations 
(9.4-13 and 9.4-14) into equation (9.3-3)
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AE = f (X)f (A)-f (S)f
= fAi [f (X)-f (S) ]
= af(X,S) (9.4-15)
where a is the surface activity function and f(X,S) is a 
sample-solvent function.
For adsorption of a sample molecule X, the thermodynamic 
equilibrium constant, K , , is given by
Kth • Nxa /Nx < 9 - 4 - 16 '
where N and N j_ s the mole fraction of X in the adsorbed xa x
phase and unadsorbed phase respectively. In a linear 
isotherm system, where the sample concentration is low, the
total number of moles of sample in the adsorbed (n ) andxa
nonadsorbed (n ) phase will be small compared to the total
X
moles of solvent in the adsorbed (n ) and nonadsorbed (n )sa s
phases. The sample mole fractions are then equal to
nx /n s (9.4-17)
and
N = n /n (9.4-18) x xa sa
Substituting equations (9.4-17) and (9.14-18) into equation 
(9.4-16)
Kth = nxan s /nxn sa (9 ' 4 ~ 19) 
As described in section 2.1, K 0 , the equilibrium constant
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is defined as
K° = [X] /[X]
d u.
where [X] and [X] are the concentrations of X in the a u
adsorbed (a) and non-adsorbed (u) phases in moles per gram 
and moles per millilitre repsectively. K° can be rewritten 
as
K° = (n /W)/(n /V ) (9.4-20)
Xci X u.
where V is the total volume of the unadsorbed phase in 
millilitres and W is the adsorbent weight in grams.
Elimination of n /n between equations (9.4-19) andxa x
(9.4-20) gives
K ° = KthnsaVnsW (9.4-21)
If Va = nsaVnsW
where V is the volume of adsorbed solvent per gram of a
adsorbent in millilitres per gram , then substituting Va
into equation (9.4-22)
K° = K_V (9.4-23) th a
N is related to adsorbed surface area by a
V = O.OO035 x (surface area, square metres per gram) a
The quantity, V . is a fundamental property of the adsorbenta
and according to Snyder is independent of the nature of the 
solvent. Both the thermodyanmic and equilibrium constant
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and adsorption energy, AE, are equal to
log K^ = AE = -AG°/2.3RT (9.4-24) th a
where R and T refer to the gas constant and absolute 
temperature, respectively. Combining equations (9.4-23) 
and (9.4-24) gives
log K° = log V, + AE (9.4-25)a
Eliminating AE between equations (9.4-25) and (9.4-15) 
gives
log K° = log V + af(X,S) (9.4-26)a
Equation (9.4-26) expresses one of the fundamental relation­ 
ships of adsorption chromatography.
For an adsorbed surface of standard activity (a=l) 
using equation (9.4-15) gives
AE = f(X,S) 
and
E = S° 
xa
where S° is the sample adsorption energy of the standard 
activity adsorbent. Furthermore,
m = As /Ae 
where A ,A are the areas required by adsorbed sample and
O t*
solvent molecules on the adsorbent surface.
The solvent parameter, e°, can be defined as the
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adsorption energy of the solvent per unit area of the 
standard activity surface, that is
e° = E /A sa e
For adsorption onto the standard activity adsorbent, 
equation (9.3-3) now takes the form
f(X,S) = S° - A e° (9.4-27)
X
Eliminating f(X,S) between equation (9.4-27) and
equation (9.4-26)
Then
log K° = log V + a(S°-A e°) (9.4-28)a x
For adsorbents of the same type equation (9.4-28) expresses 
K° as a function of certain fundamental properties of the
adsorbent (V ,a), sample (S°, A ) and solvent (e°) . Thea x
solvent strength parameter, e°, defines the effect of the 
solvent upon the adsorption of a given sample; the larger 
the solvent strength parameter the smaller is the value of 
K° for a given sample and adsorbent.
Equation (9.4-28) can also be rewritten in terms of 
capacity ratio, k', of a solute X by
V
log k 1 = log ^ + B(S° -A e° ) (9.4-29) ^ x ^ V xx Mm
where
V = volume of adsorbed monolayer of eluent




S° = AG°/2.303RT where AG is the standard free energy ofX X X
adsorption of solute X onto the surface from the reference
solvent pentane
A = surface area of that part of X in contact with surface.X
measured in units of 8.5 A. 8.5 A is the notional area 
occupied by one aromatic cation.
o
e° m = AGm/2.3O3 RT where AG^ is the standard free energy of
^adsorption of an amount of eluent sufficient to cover 8 . 5A . 
c° is arbitrarily chosen as zero for the reference eluent R, 
that is e° =0. The reference eluent in the polar adsorbentsK
O^, SiO., ) is pentane and that, in case of non-polar 
materials like carbon, is methanol.
6= surface activity factor defined as unity for fully 
activated adsorbent and in practice falls in the range 0.7 < B 
< 1.0.
In the calculation of the area covered by an adsorbed 
sample molecule the configuration of the adsorbed molecule 
must be known. For aromatic compounds one can assume flat 
adsorption. As discussed in section 9.4 the area A , would
X
be the sum of contributions from each group i in the sample 
molecule as given in equation (9.4-6) 
Thus,
A = IA. (9.4-16) x i
where
A i = (Vi /N) 2/3 (9.4-30)
where V. is the contribution to the molar volume of the solute 
from the group i, N is Avogadro's number and A. is adjusted 
to be in units of 8.5 A .
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Secondary Solvent Effects
According to Snyder equation (9.4-29) is a reliable 
relationship only for adsorption systems with weak or 
moderately strong solvents. In the strongest solvent 
systems the equation is only a rough approximation due to 
secondary solvent effects. In its derivations two main 
assumptions have been made, namely 
a. Interactions between solvent and sample molecules are
assumed unimportant, 
b. Interactions between the adsorbent and various
adsorbate molecules are assumed to be fundamentally
similar.
Equation (9.4-29) can now be corrected for secondary 
solvent effects by the addition of a correction term, Aeas 
Thus
log k 1 = log + (S° -A e°) + Aeas (9.4-31) x Vm x x m
The types of secondary solvent effects that can occur 
are 
a. Hydrogen bonding in the liquid phase between sample and
solvent which are highly specific and relatively strong. 
b. The formation of strong-sample complexes which can
affect k° of sample compounds.
9.4.4.2 The study of solvent strengths on
9.4.4.2.1 Introduction
As noted in the earlier section the eluotropic 
strength, e ° , of the mobile phase is a very important
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chromatographic parameter. In conventional liquid-solid 
chromatography on polar adsorbents such as silica gels and 
cua-nina the more polar the solvent the larger is its 
eluotropic strength. With carbon, a non-polar adsorbent, 
whose retention is based on the balance between the non­ 
specific intermolecular interactions, the weakest solvents 
are supposed to be the most polar which is opposite to that 
of classical LC.
Using Snyder's assumption that specific molecular 
interactions between solute and eluent can be neglected, 
the eluotropic strength, e°, can be determined from equation 
(9.4-29). For graphitic carbon, as shall be noted later 
solute-solvent interactions do actually play a major role. 
As a result of this, different scales of eluotropic strength 
are obtained depending upon the solute or method used to 
measure it.
In the calculation of the eluotropic strength parameter 
for carbon adsorbents, the surface activity factor, 3, can 
be taken as unity. Water is undoubtedly the weakest solvent 
for carbon adsorbents and aromatic solvents such as benzene 
and xylene are generally the strongest. Methanol, which is 
a solvent of intermediate strength, is often, therefore, used 
as the standard solvent and arbitrarily given e^ = 0. 
Further, since molecules are adsorbed flat on a graphitic 
surface equation (9.4-6) can be used to give the area A as
X
a sum of contributions from the adsorbed groups. Table 
9.4-2 lists values of A relevant to this work.










COOH 1 . 2
NH 2 0.6
NHCH 3 1.2
N(CH 3 ) 2 2.0
	0.6
(1 Su = 8.5 8 2 )
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It is widely believed that an eluotropic series should 
exist for carbon and that it should be the reverse of that 
for silica gel and alumina. If this were correct, the 
eleven solvents studied in this work should fall in the 
order given in Table 9.4-3 which lists Snyder's v^lj^s for
alumina and the values determined by Colin and Guiochon .
Three different approaches can be used to calculate e 
from experimental values of retention of solutes. If the 
eluotropic concept is sound these should then give self- 
consistent results. 
Method 1 Use of single solutes
The capacity factor, k', of a single solute X is 
measured in the reference solvent, R, and the solvent 
considered, M. 
Thus
log ^M = -A U° - <:•)
k n x ,R
But £° = 0 (for methanol) R
Then
°log xji = -AX£
k „ x, R
or
kx.R (9.4-32)
Method 2 Use of homologous series
For a homologous series it is readily found that
log k' = A + an (9 .4-33
Table 9.4-3 c° Values for Alumina and Carbon






































When the logarithms of the capacity factors are 
Plotted against the numbers of carbon atoms, n , the 
selectivity of the series, a, is given by the gradient 
of the linear plot. 
Rewriting
anu = log kn+l (9.4-34)CH2 k1——
n
where k f , k' - are the capacity ratios for homologues with 
n and n+1 carbon atoms. Then using the Snyder equation 
(9.4-29)
aCH 2 ,M = SCH 2 ~ ACH 2 £ M (9.4-35) 
where S° and A^u are the group contributions from the CH.Cn~ LH--)
te £*
group to S° and A . Thus x x
( £M- £ R)
or
1
Method 3 Use of functionality difference
e° is calculated from the capacity factors, k 1 , of 
M
pairs of solutes with a common difference in functionality.
For example
Pair 1 0 - CO - CH-. and 0 - CO - 0
Ai B i
Pair 2 0 - 0 - CH-, and 0 - O - 0
where 0
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Pairs 1 and 2 are similar in that B is made from A by 




M (AB -AA ) A+B,R A+B,M) (9.4-37)
If the concept of an eluotropic series is to be 
useful, Methods 1-3 should give self -consistent results.
9.4.4.2.2 Experimental Materials and Equipment
PGC was prepared as described in section 6.1. The
2 specific surface of the adsorbent, PGC 64, is 154 m /g and
its pore volume is 1.7 cm /g.
The pumping system used was Du Pont Instruments 
Chromatographic pump. The solutes were monitored wit 1-* a 
Cecil UV detector. The solvents used were from Rathburn 
Chemicals and used without further purification. The 
solutes were obtained from various sources.
The column was of the Shandon type and was 120 mm long 
and 4 mm bore. PGC was packed at 10OO p.s.i. using 
methylene chloride as a slurry solvent and follower.
9.4.4.2.3 Results and Discussion
The capacity factors of a large number of solutes were 
measured in eleven different solvents. Different types of
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solutes had been used namely alkyl and methyl benzenes, 
methylphenols, polyaromatic hydrocarbons acids and bases. 
The values of capacity factors of these solutes in the 
different solvents are given in Tables 9.4-4 - 9.4-10. 
These compounds are eluted over a large range of capacity 
ratios. £° values of the eleven solvents were calculated 
using the three methods discussed earlier in the section. 
The results are reported in Tables 9.4-11, 9.4-12 and 9.4-13. 
When many selected solutes are used in the
determination of e° by method 1, the e° values do not fallM
in any self-consistent order as the solute is changed as 
indicated in Table 9.4-11. However, there is a general 
trend for dichloromethane and dimethylformamide to be the 
strongest solvents. Methanol and acetonitrile are both 
weak solvents^ for all solutes as in reversed phase except 
for phenols. 'This could be due to increased solute-solvent 
interactions of phenol in methanol; an important evidence 
that such solution interactions cannot be neglected as done 
by Snyder. On the other hand, the surface also behaves 
as in classical adsorption chromatography. Dimethylformamide 
is generally a strong solvent for all solutes and hexane is 
a weak solvent for bases, phenols, ethers and aromatic 
hydrocarbons indicating the presence of specific sites for 
the adsorption of these solutes, most possibly acidic sites. 
As noted in section 9.4.3.1 localised adsorption is well 
accepted in classical adsorption theory and PGC is similar 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 9.4-12 e° -values from homologous series








































































































Table 9.4-13 e -values from group replacement
— • — — IviM





Dimethyl formamide 0.12 0.01





Methyl t-butyl ether 0.06 0.03
Butyl chloride 0.08 0.04
Hexane 0.03 0.04
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and 9.4-11 it is immediately clear that
(i) the range of e° values on carbon is much smaller
than on alumina (about 0.2 units compared to 1.0 units) f 
(ii) there is, in fact, little correlation of £° values
on carbon with that on alumina, 
(iii) there is a slight indication that solvents with mid e°
values on alumina are the strongest solvents on
carbon.
Method 2 was used in the determination of e° for
M
three homologous series, alkylbenzene, polymethylbenzene 
and polymethylphenols whose plots of log k' versus n are 
shown in figures 9.4-3, 9.4-4 and 9.4-5 respectively. The 
gradients for each slope is a and represents the selectivity 
of the solute. Distinct differences in gradient are found. 
Contrary to what a simple eluotropic theory would predict the
lines often cross indicating that e° for the commonM
structural base differs from e° for the homologous group 
or CH 3 ) . Table 9.4-12 lists e ° values obtained by this
method. The e° values is self-consistent for the threeM
homologous series and very similar to that noted by Colin 
and Guiochon using pyrocarbon. Nevertheless the order 
obtained is quite different from the order obtained by
Method 1. The e° values are also somewhat larger thanM
the values obtained from Method 1. Polymethylphenols give 
particularly large e° values by this method.
In Method 3 the e° values calculated from the first 
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FIG. 9.4-3 : LOG. k' VS. NUMBER OF CH 2 GROUPS
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FIG.9.4-5 : LOG.k' VS NUMBER OF CH 3 GROUPS
FOR POLYMETHYL PHENOLS IN 
DIFFERENT SOLVENTS
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spite of similarity of structure (Table 9.4-13).
Furthermore the orders of e° values differ for the two
pairs . '7hile methanol and acetonitrile are consistently
weak solvents, dioxan and chloroform are the strongest
as for the homologous series using Method 2.
9.4.4.2.4 Conclusions
(i) The range of e° values for porous 2D-graphitic
(PGC) is small in agreement with previous workers. 
(ii) Actual values of e° for any eluent depend strongly
upon the solute or solute group used to determine
them. 
(iii) The three different methods of determining e°
show little consistency either in regard to actual
values or in regard to ranking order. 
(iv) Notwithstanding conclusion (iii), there is evidence
for a weak eluotropic series, the order starting
with weakest eluents being
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Corasil II has a thicker silica coating than 
Corasil I.
HC (high capacity) material has a thicker coating 
than the HS (high speed) material.
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Chemically bonded stationary phases for HPLC
Bonded 
Phase
Designation Base Aver,dp Supplier(s) 
Material
Octadecyl ODS-Hypersil
hydrocarbon Finepak SILC 10l o







































































































Radial Pak C 8




























Fluroether Fe-SIL-X-1 8-18 32
Ether Permaphase ETH 25-37 16

































































































Porous Glassy Carbon, A New Columns Packing Material for Gas 
Chromatography and High-Performance Liquid Chromatography
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Wolfson Liquid Chromatography Unit, Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh 
EH9 3JJ
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Summary
A new carbon for liquid and gas Chromatography, called 
"porous glassy carbon" (PGC) is described. The material 
is made using a porous template filled with carbonizable 
resin. After firing in an inert atmosphere the template is 
removed. PGC has been made with surface area ranging 
from 20 ma /g to 400 ma/g. It is of adequate strength for 
gas and high-performance liquid Chromatography. In gas 
chromatography it is similar to the commerical graphi- 
tized thermal carbon black (GTCB) "Carbopack B", but 
has somewhat less retention per unit surface area and is 
much more robust. It gives symmetrical peaks for hydro­ 
carbons with k'-values up to at least 100. In liquid chro­ 
matography it is similar to the GTCB's coated with pyro- 
lytic carbon described by Guiochon. It behaves as a 
strong reversed phase adsorbent. Fairly good peak sym­ 
metry is maintained for k'-values up to at least 10 but 
trace additives to the eluent may be necessary to control 
peak asymmetry. PGC has considerable-potential as a 
new packing material in both gas and liquid chromato­ 
graphy.
Introduction
Active carbons have long been used as adsorbents in classi­ 
cal liquid chromatography [1]. With the advent of gas chro­ 
matography attention turned to graphitized thermal carbon 
black (GTCB) [2]. These were found to be suitable non- 
polar adsorbents either for gas-solid chromatography [3,4] 
or, when coated with a small percentage of liquid phase as a 
"tailing reducer", for gas liquid/solid chromatography [5— 
7]. The carbon surface could also be modified by adsorp-
Presentedat the "14th International Symposium on Chromatography 
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tion of small quantities of suitable involatile compounds to 
effect specific separations [8,9]. These applications have 
been extensively reviewed [10]. Recently high efficiencies 
have been reported for short columns (21 mm long) packed 
with 20-25 jrni GTCG particles coated with * 1 % statio­ 
nary phase [11], and a novel active carbon, prepared by the 
reduction of polytetrafluorethyiene by lithium amalgam 
[12], has been examined as an adsorbent for gas chromato­ 
graphy.
The poorly defined surface properties of active carbons 
used in classical liquid chromatography have been res­ 
ponsible for their almost complete neglect as adsorbents 
for high-performance liquid chromatography (HPLC). 
However, the desire for non-polar adsorbents with im­ 
proved pH stability over the alkyl-bonded silica materials 
has led to renewed interest in the production of suitable 
carbons for this purpose. Unfortunately the otherwise 
attractive GTCB's are unsuitable because of their extreme­ 
ly poor mechanical stability: several attempts have been 
made to overcome this limitation either by treating GTCB, 
or by developing entirely new materials. Initial experi­ 
ments by Guiochon and co-workers [13-15] involved the 
consolidation of GTCB aggregates by deposition of pyro- 
lytic carbon from the vapour phase pyrolysis of benzene 
followed by graphitization of the product. Later, pyro­ 
lysis was performed on silica [16, 17): this resulted in a 
more robust material but one that could not be graphi­ 
tized due to the volatility of silica. In addition it was dif­ 
ficult to obtain adequate coverage of the internal surface 
of the silica without completely plugging the pores of 
the material. The active carbon prepared by the electro­ 
chemical reduction of PTFE [18, 19] also turned out to 
be a relatively strong material but contained a high con­ 
tent of oxygen and was of exceedingly high surface area, 
which could, however, be reduced by various treatments. 
The surface was also modified by an octyl Grignard rea­ 
gent to give a material with properties intermediate between 
those of the original carbon and of octyl silica [20], Porous 
carbons have also been produced by calcination of purified 
active carbons and cokes [21]. Unfortunately none of the 
above materials has given adequate chromatographic effi­ 
ciency for solutes with capacity ratios exceeding about 2. 
Undoubtedly the best liquid chromatographic results have
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been obtained using a weakly consolidated GTCB, Carbo- 
pack C, which was ground and fractionated to provide small 
particles [22], The material was, however, very fragile and 
can hardly be regarded as a useful HPLC column packing 
material. Nevertheless this important piece of work showed 
clearly that the ideal surface, as in gas chromatography, is 
that of graphite.
The lack of success with the existing carbon materials is 
almost certainly due to the difficulty of obtaining hard 
materials which are free from micropores [23]. Active car­ 
bons, for instance, tend to lose all their porosity when heat­ 
ed to a sufficient temperature to eliminate the micropores, 
whereas graphitized materials, as already noted, are too fra­ 
gile. The optimum compromise has not yet been achieved 
but may lie with a composite material having a strong par­ 
ticle framework coated with a thin graphitic layer. 
With these problems in mind we were led to examine the 
possibility of avoiding micropores by preparing a macro- or 
meso-porous, but otherwise dense carbon, by using a tem­ 
plate of appropriate porosity within those interstices a non- 
porous carbon could be deposited: the template could then 
be subsequently removed [24]. This paper describes initial 
experiments aimed at preparing porous glassy carbons sui­ 
table for both gas chromatography and high-performance 
liquid chromatography.
In brief, porous glassy carbon (PGC) is produced by impreg­ 
nating a suitable silica gel or porous glass with a phenol- 
formaldehyde resin mixture. After polymerisation within 
the pores of the template material the polymer is converted 
to glassy carbon by heating in an inert atmosphere to about 
1000 °C. The silica template is then removed by alkali to 
give PGC. Finally the material is fired in an inert atmosphe­ 
re at a high temperature in the range 2000-2800 °C to an­ 
neal the surface, remove micropores and, depending upon 
the temperature, produce some degree of graphitization. 
The particle size, shape, porosity and pore size are deter­ 
mined by the choice of the template material; the surface 
chemistry is determined by the final heat treatment and 
any subsequent chemical treatment. It is thus possible in 
principle to produce PGC's with a range of pore and surface 
properties tailored to specific requirements.
Experimental
Materials
Batches of PGC were prepared according to the published 
procedure using analytical grade reagents [24], Samples 
were fired in argon at temperatures from 1400°Cto 2600 "C. 
The products were characterised by C.H.N. analysis (Depart­ 
mental Analytical Service) and by thermogravimetric analysis 
and by using a Stanton Redcroft TG770 thermobalance; spe­ 
cific surface area was determined by the B.E.T. method [25] 
using equipment constructed in the department, and pore 
volume was determined by a home-made medium pressure 
mercury porosimeter which enabled the total particle volume 
to be determined; the pore volume was then obtained assum­ 
ing a density of 2.20g/cm3 for the carbon structure. Some 
products were examined by a Cambridge Instruments 
"Stereoscan 604" scanning electron microscope. 
Products for use in gas chromatography were sized by 
sieving, and those for HPLC either by sieving (down to 
37 pm) or by sedimentation. A sample of uncoated Carbo- 
pack B was kindly provided by Supelco Inc.
Chromatographic Equipment
Gas chromatography was carried out using a Varian Series 
1400 gas chromatograph fitted with a flame ionisation 
detector. The carrier gas was nitrogen. Columns were of 
1/8" outer diameter 2mm bore stainless steel (0.9m in 
length) or silanized glass of the same diameter and bore 
(1.5m in length). The injector temperature was main­ 
tained at least 20 degrees above the column temperature. 
HPLC was performed on home assembled equipment com­ 
prising an Altex 110A high pressure pump, a Rheodyne 
7125 injection valve, and a Cecil Instruments CE212 ultra­ 
violet photometric detector. Columns were either of the 
Shandon Southern Instruments pattern (100mm long, 
5 mm bore) or of the HETP pattern (100 mm long, 2 mm 
bore) when the quantity of material was limited. Columns 
were packed at 1000 psi (70 bar) by the upward-flow slurry 
method with dichloromethane as the slurry liquid and 
methanol as follower. Solvents of HPLC grade were obtain­ 
ed from Rathburn Chemicals, Walkerburn.
























































































(a) by CHN analysis
(b) by TGA analysis
(cl firing by Carboiite
(d) firing by AERE Harwell
(e) firing by Anglo Great Lakes
(f) pore volume before firing 1.06 cm3/g
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Results and Discussion
Materials
The physical properties of the batches of PGC and of their 
respective template materials are listed in Table I. Materials 
of a wide range of surface area, A, and pore volume, Vp, were 
prepared by appropriate choice of the template material and 
firing conditions. Unlike the active carbons which initially 
possess very high surface areas but lose them on heating, 
PGC's retain a substantial proportion of their original sur­ 
face areas even when heated to very high temperatures. 
Thus up to about 1600 °C the surface area is unchanged 
(entries for PGC6) even with a duration of firing of 150 
min. With firing temperatures of 1800 °C to 2200 °C there 
is a significant reduction in the original area (PGC 7) with 
moderate duration of heating (45 to 15 min). Heating for 
30 min at 2600 °C (PGC 57) has a fairly dramatic effect 
on the surface area and pore volume (the pore volume of 
the unfired material was 1.06cm 3 /g). Indeed the volume 
of 0.35 cm3 /g may be partly or even largely present as 
closed pores since the medium pressure mercury porisime- 
tric method makes no distinction between open and closed 
pores.
The materials tested for chromatography were PGC's 19, 
20, 26 and 57. These materials were all sufficiently hard to 
be useful under both GC and HPLC conditions although 
those materials with high pore volumes were rather too 
fragile for routine HPLC use. However, PGC 57 made from 
a highly porous template was of sufficient strength for nor­ 
mal HPLC use both before and after high temperature firing. 
Unfortunately (see below) the pore structure of fired PGC 
57 appears to be unsatisfactory in that its chromatographic 
performance is substantially poorer than that of the more 
open PGC 19.
It is a noteworthy feature of the process for preparing PGC 
that the shape of the original template material is retained 
in the final product. This is clearly shown by the scanning 
electron micrograph of PGC 26 shown in Fig. 1: the partic­ 
les are not only spherical but of the correct mean diameter 
of around 6 fan.
It becomes clear from the above that the firing temperature, 
the duration of firing and the initial template porosity re­ 
quire to be carefully chosen to obtain the optimum combi­ 
nation of particle hardness, porosity, surface area, and 
surface structure for any chromatographic purpose.
Gas Chromatography
To establish the GC characteristics of PGC the retention 
of a number of representative solutes was determined on 
PGC 19 (low surface area and high porosity) and PGC 57 
(moderate surface area and low porosity). The results were 
compared with those obtained on uncoated Carbopack B. 
A selection of the solutes used by McReynolds [26] to cha­ 
racterise liquid stationary phases gave the k'-values and 
retention indices, I, listed in Table II. The Al-values are those 
for the carbons less those obtained by McReynolds for 
squalane. The Al-values are all significantly negative and in­ 
dicate the extremely non-polar nature of the two types of 
carbon. The similarity in the retention indices of the two 
carbons indicates the similarity in their surface chemistry. 
However, retention on Carbopack B is much stronger than
Table It. Retention data for McReynolds' solutes on PGC 19 at 













































































Scanning electron micrographs of PGC 26, mean particle diameter 
of template 6 Mm. Pore size ~ 10 nm.
(a) Peaks for Pyridine were severely tailed thus values are subject to 
considerable uncertainty and likely to be larger at limit of zero 
sample size.
(b) Values by definition for n-alkanes.
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Fig. 2
Gas chromatogram of n-al­ 
kanes on PGC 19 at 140 °C.
on PGC in spite of the higher temperature of elution from 
the former. Table II lists data for alkanes and alkyl benze­ 
nes. The similarity between the two materials is again evi­ 
dent, k'-values on Carbopack B at 270 °C are on average 5.2 
times those on PGC 19 and 200 "C. At first sight this factor 
might be attributed to the differences in surface area per 
cm3 of material (54 m2 /cm3 for Carbopack B and 10.5 m 2 / 
cm3 for PGC 19, a ratio of exactly 5.2). However, this does 
not take into account the difference of 70 °C in elution 
temperature. Assuming a mean heat of adsorption for the 
solutes of about 50 kJ/mol, it is readily calculated using the 
Van't Hoff equation that the k' values on Carbopack B are 
about five times those expected on PGC 19 at the same 
temperature allowing for the area difference. Thus Carbo­ 
pack B is intrinsically more retentive than PGC 19. The rea­ 
son for this may be a higher degree of graphitization of 
Carbopack B is required, but further work is required.
Fig. 2 shows a typical chromatogram of C s and C 8 alkanes 
on PGC 19 and Fig. 3 shows a chromatogram of some alkyl
Fig. 4
Dependence of !og 10 k' 
upon number of carbon 
atoms for alkanes and alkyl 
benzenes in chromatogra- 
phy.
• n-alkanes on Carbopack 
Bat 270 °C a' «0.44.
3 n-alky I benzenes on Car­ 
bopack B at 270 °Ca' = 
0.37.
• n-alkanes on PGC 19 at
200 °C a' = 0.45 
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benzenes. In general the plate number for the later peaks in 
these chromatograms is about 900 giving a plate height of 
about 1 mm for k' values in the range 40-90, and a reduc­ 
ed plate height h = H/dp s 6. The peak symmetry through­ 
out is seen to be excellent. Fig. 4 shows that the expected 
linear relationship holds between Log 10 k' and the carbon 
number in a homologous series for alkanes and alkyl ben­ 
zenes for both Carbopack B and PGC 19. The logarithmic 
separation factors defined in eq. (1)
Separation factor, a' = Log, 0 (k' n+ i/k' n ) (1)
(where k' n + l and k' n are the k'-values corresponding to 
molecules with n +• 1 and n carbon atoms respectively) 
are 0.45 for alkanes and 0.42 for alkyl benzenes with PGC 
19 and 0.43 for alkanes and 0.38 for alkyl benzenes with 
Carbopack B. A similar value of 0.41 for alkanes on GTCB 
may be obtained from ref. [2J. The k' values obtained by us 
are also similar to those obtained by Kiselev and Yashin [2] 
after allowance is made for the different specific surface 
areas of the materials. PGC 19 is a highly selective adsor­ 
bent as can be seen from the separation of the four butyl 
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Tab»t III. Retention data for n-hydrocarbons and aromatic hydro­ 
carbons on PGC 19 at 200 °C and Carbopack 8 at 270 °C
Table IV. Retention data for polar aromatic compounds on a 0.9 m 























































































































Gas chromatograms of lower hydrocarbons: major peaks are identi­ 
fied in order of elution.
A d + C2 ; C 3 ; i-C4 ; n-C4 ; nC5 alkanes on PGC 19 at 30 °C. 
B d + C2 , C3= ; 1-C4= ; i-C4=; cis2-C4= ; tr2-C4 ~ alkenes on Car­ 
bopack B at 100 °C.
C As 8 omitting C, + C 2 on PGC 19 at 50 °C. 

























(al Asymmetry factor measured at 10% peak maximum height
found with the hydrocarbons is also observed with polar 
compounds as noted from Table IV. The asymmetry factors 
are calculated at 10% of maximum peak height 
Graphitized carbon blacks have been particularly widely 
used for separations of lower hydrocarbons. PGC 19 with 
its low surface area is suitable for the separation of the 
lower aJkanes as shown in Fig. 6a. The separation of the 
four isomeric butenes is particularly noted: Fig. 6b shows 
the separation on Carbopack B at 100 °C and Fig. 6c shows 
the separation on PGC 19 at 50 °C. There is a slight dif­ 
ference in selectivity but both materials separate all four 
isomers. PGC 19 does not have sufficient retentive power to 
separate the C 2 hydrocarbons but PGC 57 with a surface 
area of about 80 m 2 /g gives a good separation of methane, 
acetylene, ethylene and ethane (Fig. 6d). This order is an 
excellent indication of the nonpolar nature of the PGC. The 
poor plate efficiency of around 300 was not a function of 
the sample size and therefore cannot be due to a non-linear 
adsorption isotherm and surface heterogeneity: it is most 
likely to be due to poor mass transfer characteristics which 
in their turn probably arise from severely constricted pores 
in this material which has an unusually low pore volume. 
Heats of adsorption of the C 2 -Cs alkanes were determined 
on PGC 57 and PGC 19 from measurements of k' over 
suitable temperature ranges from 20—130 °C. The results 
are compared with those of Kiselev and Yashin (2J and with 
heats of vapourisation in Fig. 7. The values of AH 4(js are 
generally self consistent and greater than AHvap in agree­ 
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Fig. 7
Dependence of AH sdt and AH VBp of alkanes on carbon numbers
for GC of n-alkanes.
• PGC 57, o Kiselev and Yashin |2] GTCB (theoretical)
0 Kiselev and Yashin (2| GTCB (experimentalI
o PGC 19, • Heat of vapourisation.
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Liquid chromatogram of phenols on PGC 26; elu- 
•nt, CH 2 CI 2 : solutes (1) phenol. (2) 4 methyl phe­ 
nol, (3) 2,3 dimethyl phenol, (4) 2,4.5 trimethyl 
phenol.
temperatures well above their boiling points. Our values for 
PGC 57 are about 5kJ mol~l greater than the experimental 
values Kiselev and Yashin obtained on GTCB but agree well 
with their theoretically calculated values. The results broad­ 
ly confirm that PGC 57 is a highly graphitized material. 
This view was also supported by x-ray analysis which indi­ 
cated an amorphous structure for unfired PGC but showed 
a strong reflection corresponding to the crystal spacing of 
graphite in the sample fired at 2600 °C. Calculations using 
the standard formula [21 ] gave a degree of graphitization of 
about 70%. More limited measurements of AH^j on PGC 
19 gave lower values than on PGC 57 and they showed less 
dependence on carbon chain length. Values for benzene, to­ 
luene and ethyl benzene were 36, 46 and 51 kJ mol~' re­ 
spectively compared to 42, 49 and 54 obtained by Kiselev 
and Yashin [2] on GTCB. By comparison with PGC 57 the 
values for PGC 19 are again somewhat lower than might be 
expected on graphite.
The heat of adsorption on the less graphitized materials is 
apparently less than on highly graphitized material but, 
unfortunately, in obtaining a high degree of graphitization 
on PGC 57, the porosity and pore-accessibility were reduc­ 
ed to such an extent that the kinetic properties of the 
material were seriously compromised. 
Further experiments should probably concentrate in inter­ 
mediate firing conditions which will produce reasonable
Fig. 9
Liquid chromatography of me­ 
thyl benzenes on PGC 26; elu- 
ent, CH3 OH; solutes (1) ben­ 
zene, (2) toluene + 1,4-dime- 
thylbenzene, (3) 1,3-dimethyl 
benzene, (4) 1,2-dimethyl ben­ 
zene, (5) 1,2,4-trimethyl ben­ 
zene, (6) 1,2,4,5-tetramethyl 
benzene.
Fig. 10
Liquid chromatogram of polynuclear 
aromatic hydrocarbons: Eluent Cr^Clj 
+ 0.1% 1,3-terphenyl; solutes (1) naph­ 
thalene, (2) acenaphthene, (3) fluorene, 
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degrees of graphitization while retaining adequate pore 
volume and accessibility.
Liquid Chromatography
Previous efforts to prepare carbons for HPLC [13-15, 18, 
22] met with only partial success. Where the materials have 
been sufficiently rigid to stand high pressures [13-15, 18- 
21] the chromatograms have generally been poor, showing 
severe peak tailing when k'-values exceed about 2; where 
good chromatograms have been obtained [22] the material 
has been too fragile for routine use. 
As has been shown by experiments on GC, porous glassy 
carbons (PGC) appear to offer an alternative to graphitized 
thermal carbon black (GTCB) in that PGC's can give equal­ 
ly good separations while at the same time they are much 
less fragile. When used for liquid chromatography PGC's 
show substantial advantages over previous hard carbons in 
terms of peak shape at high values of k' and their perfor­ 
mance approaches that of GTCB. Figure 8-10 show re­ 
spectively separations of phenols, methyl substituted ben­ 
zene and of some polynuclear aromatics. 
Using fired but otherwise untreated PGC26, phenols, phtha- 
lates and other simple aromatics gave reasonably symmetric 
peaks but polynuclear aromatic hydrocarbons and more 
highly retained solutes generally gave poorly shaped peaks. 
However, the peak symmetry of such solutes was much im­ 
proved by the addition of 0.1% of m-terphenyl to the elu- 
ent. This concentration was sufficiently low that the UV 
photometer used could still be zeroed. Terphenyl was 
strongly retained and acted as a "tailing reducer". Fig. 10 
shows an interesting effect in that following the final peak 
of fluorene, a negative peak occurs due to the replenish­ 
ment of terphenyl displaced by the previous solute or 
solutes. In order to elute nitrocompounds and acids as 
symmetrical peaks it was necessary in addition to add an 
acid to the eluent. In this context a concentration of 1 % of 
pure acetic acid added to the eluent was effective. 
As in GC, a stationary phase/eluent combination in LC can 
be characterised by the a'-value defined by equation 1 for 
a homologous series. Fig. 11 demonstrates that linear re­ 
lationships hold between log k' and the carbon number for
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Fig. 11
Dependence of IOQJQ k on number of carbon atomi in substitueny 
groups on PGC 26; eluent CHsOH; solutes •, methyl phenols, o, 
methyl benzenes, •, n-alkyl benzenes.
n-alkyl benzenes and for the pseudo-homologous series of 
methyl substituted benzenes and phenols. For the former 
a' = 0.23 and for the latter a's 0.4. These values are similar 
to those obtained by other workers as shown by the data 
collected in Table V. In particular our values are, within
experimentaJ error, the same as those obtained by Guio- 
chon and co-workers [13, 14], using pyrocarbon on GTCB. 
Rather lower values of a' are obtained from the data of 
Unger et aJ. [21 ]. The carbon examined by Smolkova et aJ. 
[19] illustrates the different eluotropic strengths of the sol­ 
vents ranging from heptane to methanol. The data of Cic- 
cioli et al. [22] are unfortunately insufficient to provide re­ 
liable a'-values but they appear to be a little lower than 
those obtained by Guiochon and co-workers and by our­ 
selves.
Absolute values of k' on different carbons are difficult to 
compare owing to the different surface areas of the materials 
and, as already shown for GC, they are not necessarily com­ 
parable even when due allowance is made for the differen­ 
ces in surface area. However, it is perhaps worthwhile to 
make rough comparisons by normalizing k'-values to a stan­ 
dard surface area of 100 m 2 /g. To do this eq. (2) has been 
used:
1,' - 1UU
K 100 - .
00
» obs (2)
where k'ioo is the normalized value of k', k'obj is the ob­ 
served value and A is the surface area of the material in 
m 2 /g. It may be pointed out that, strictly, normalization
Tabl« V. Values of methylene jelectivities on carbons using homologous series a'cH 2 * '°9io ' k (n + i )/ k n'
Material
PGC 26
15% Pyrocarbon on 
Sterling GTCB.
55% Pyrocarbon on 
black pearls GTCB




























































































































(a) For the pseudo-homologous series a geometric mean value has been taken of the k'-values for isomeric homologues.
(b) Estimated from the author's data.
(C) n refers to the number of carbon atoms in each alkyl chain: ct refers to smgle CH2 groups.
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should be carried out on the basis of surface area of support 
per unit volume of eluent. However, the volume of duent 
per gram of support is rarely deducible from the published 
data whereas surface area per gram of support is normally 
quoted. Eq. (2) is thus the only approximation that can be 
used in practice.
Tables VI and VII compare k', 0o-values for polynuclear 
aromatics (PNA's) and methyl substituted benzenes (MB's). 
While there are wide variations in the values from one car­ 
bon to another when the same eluent is used these are a
number of correlations which can be made. The elution 
order of PNA's on all carbons is the same and there is clear 
evidence from our work on PGC26 that solvent strength 
decreases in the order CH 2 CK, C 6 H M , CH 3 COOC 2 H 5 , 
CH 3 CN,CH 3 OH and that the addition of the tailing reducer, 
terphenyl, reduces retention by about 30%. The retention 
on the pyrocarbons is similar to that on the PGC's, with 
benzene apparently a stronger solvent than CHjCl? 
For MB's analogous similarities are evident. Addition of 
water to methanol increases retention as expected





1 5% Pyrocarbon on 
Sterling GTCB























































































(al Estimated from authors' data.
























































































la) k'100 values are the geometric means ot k' 10Q-values for individual .somers of any homoiogue 
'b' Estimated from authors' dala
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It may be concluded that PGC's are similar in their reten­ 
tive characteristics to GTCB's which have been coated 
with pyrocarbon. Peak symmetry is, however, somewhat 
better and the materials are much easier to make. They 
therefore provide a form of carbon for HPLC which has 
real potential for further development. 
PGC behaves as a reversed phase packing material. Us 
retentive power is much greater than that of reversed-phase 
bonded silica gels as shown by the requirement for fairly 
strong eluents such as methanol, acetonitrile and dichloro- 
methane where aqueous mixtures would be used for alkyl 
bonded silica gels.
Conclusions
Porous Glassy Carbon (PGC) can be produced with a wide 
range of surface area from 20 to 400 m2/g. It can be used 
for both gas and high performance liquid chromatography. 
In gas chromatography it has retentive characteristics and 
heats of adsorption similar to Carbopack B, a weakly con­ 
solidated graphitized thermal black (GTCB) but is sub­ 
stantially more robust.
In liquid chromatography it-has retentive characteristics 
similar to those of the GTCB's hardened by deposition 
of pyrolytic carbon but peak symmetry is somewhat 
better and the material is easier to produce. Broadly PGC 
provides a new reversed phase material with strong ad- 
sorptive strength compared with reversed phase bonded 
silica gels.
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SUMMARY
The structure of the porous carbon (designated PGC) has been studied in detail 
by X-ray diffraction, scanning electron microscopy, electron diffraction, and high- 
resolution electron microscopy. These techniques provide a self-consistent picture: 
PGC which has not been heated above 1000°C is an amorphous glassy carbon con­ 
taining micropores and mesopores. PGC which has been heated to above 2000°C has 
the atomic-molecular structure of a 2-dimensional graphite which is essentially in­ 
distinguishable from that of graphitised carbon black (GCB), both being made up 
from crystallites of around 100 A in size. By contrast, at the colloidal level, PGC and 
GCB are very different: where GCB consists of loosely aggregated colloidal units 
having only weak Van der Waals bonding between them, PGC has a strong sponge- 
like structure, capable of withstanding considerable shearing forces, such as those 
met with in high-performance liquid chromatography (HPLC).
During the heating of PGC from 10008C to above 2000°C, needle- and plate- 
like structures are also formed. These consist of dense 3-dimensional crystalline 
graphite. They have negligible surface area and are not useful in chromatography.
The porous 2-dimensional graphite (PGC) consists of 3-10 /^m spherical par­ 
ticles which are about 80% porous and have a specific surface area of about 150 
m2 /g. This material has been used for HPLC and gives peak shapes comparable to 
those from bonded silica gels of the same particle size. PGC acts as a very strong 
hydrophobic adsorbent with unique selectivity. Its elution patterns are compared to 
those from a commercial ODS-bonded silica for methyl benzenes, phenols, ethers, 
monosubstituted benzenes, amines, and acids. Examples are shown of HPLC sepa­ 
rations of simple analgesics. Deactivation by adsorption of high-molecular-weight 
impurities and reactivation of PGC is also briefly noted.
INTRODUCTION
In 1982 Gilbert et a/. 1 described the production and performance in gas and 
0021-9673/86/S03.50 © '986 Elsevier Science Publishers B.V.
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liquid chromatography (GC and HPLC) of a new carbon material which they called 
"porous glassy carbon" (PGC). The material was produced 2 by impregnating a silica 
gel template with a phenol-hexamine mixture, polymerising this mixture within the 
pores of the silica gel, pyrolysing the resin in nitrogen, dissolving out the silica tem­ 
plate, and finally heating the remaining porous carbon to a temperature in excess of 
2000°C Large-particle material (100-200 pm) was examined as a GC adsorbent and 
small-particle material (<40 jan) as an HPLC material. In GC, the material showed 
selectivity and retention which was very similar to that of Carbopack B, a commercial 
graphitised carbon black (GCB) marketed by Supelco. In HPLC, the material be­ 
haved as a strong hydrophobic adsorbent but at that stage in development gave 
rather poor peak shapes with strongly retained solutes'.
Shortly before the publication of this paper 1 , Ciccioli el a/. 3 had shown that 
carefully fractionated 20-/*m Carbopack B gave excellent results in LC with a high 
degree of peak symmetry, even for strongly retained solutes. Unfortunately, the fra­ 
gility of this material made it impracticable as a routine HPLC packing material. 
Nevertheless, these two papers 1 - 3 showed that a porous graphitised carbon would 
probably be the ideal carbon material for HPLC, if it could be made strong enough. 
Accordingly, a more appropriate name for the carbon developed by Gilbert ei al. 
might be "porous graphitised carbon". Fortunately, the initials PGC cover both 
descriptions equally well.
The present work presents evidence from X-ray analysis and electron micros­ 
copy to support this contention and it establishes the close similarity between the 
bulk and surface atomic arrangements in PGC and GCB. However, unlike GCB, 
which is composed of loosely aggregated colloidal particles and very fragile, PGC 
has a continuous sponge-like structure with a mechanical strength comparable to 
that of silica gels having similar porosity and is therefore of adequate strength for 
both GC and HPLC.
The sample of PGC tested by Gilbert et a/. 1 in HPLC showed significant peak 
tailing when compared to the GCB tested by Ciccioli et al. 3 . This difference can 
probably be attributed to imperfections in the graphitic surface of PGC. In this paper, 
we show that improved methods of preparation of PGC have led to samples which 
exhibit chromatographic properties in HPLC very similar to those of ODS-bonded 
silicas in terms of peak symmetry and sharpness.
STRUCTURE OF CARBONS
Many varieties of carbon are produced industrially on a large scale4 . The most 
important of these are: electrographite (for industrial electrodes), nuclear graphite 
(as a moderator in nuclear reactors) active carbons or charcoals (for adsorption of 
vapours, extraction of organics from water, decolourising), carbon blacks (fillers in 
rubber), glassy carbons, and carbon fibres.
Electrographites and nuclear graphites, as the names suggest, are "graphi­ 
tised". This term, as used commercially, implies little more than that the materials 
have been heated to high temperatures (e.g. 3000°C). The actual degree of graphitisa- 
tion achieved may vary widely over the range of materials which are loosely termed 
"graphitised" and is discussed in more detail below. The other forms of carbon are 
not normally heated much above about 1000°C in the course of manufacture and are
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therefore amorphous. Active carbons are made from cokes and charcoals by con­ 
trolled oxidation, and possess highly oxygenated surfaces, bearing functional groups 
such as -OH, =O, C-O-C, COOH, etc. They behave as polar adsorbents and are 
hydrophilic, whereas graphite is hydrophobic. Carbon blacks are made by combus­ 
tion of oils in a deficiency of oxygen, and are converted to graphitised carbon blacks 
(GCB) by heating in an inert atmosphere to 3000"C. Carbon blacks are generally 
hydrophobic. Glassy carbons and carbon fibres are produced by controlled pyrolysis 
of materials such as phenol-formaldehyde resins and poly(acrylonitrile) fibres in an 
inert atmosphere. They are amorphous but will develop some degree of graphitisa- 
tion, as discussed later, when heated to temperatures above 2500°C.
For good chromatographic performance an adsorbent such as carbon must 
have adequate surface area and a uniform free energy of adsorption of solutes at low 
surface coverage. Too low a surface area leads to inadequate load capacity, whereas 
an energetically heterogeneous surface leads to tailed peaks. In general, active car­ 
bons have strongly heterogeneous surfaces and are unsuitable for chromatography, 
unless the most active sites can be eliminated. These sites occur mainly in micropores 
and can be removed by heating to high temperatures. However, as shown by Unger 
et a/. 5 , who explored this route to effective chromatographic carbons, the removal 
of micropores reduces the surface area to such a degree that the material is of very 
limited usefulness in HPLC.
The- requirements for a good chromatographic carbon would thus appear to 
be a high surface area, a graphitic surface, and good structural strength. Unfortu­ 
nately, industrial graphites are all designed to be dense and non-porous, while the 
carbon blacks, which have the necessary area, are much too fragile. Glassy carbons, 
like industrial graphites, are also dense and non-porous. It is thus evident that no 
industrial carbon can readily be converted into a carbon suitable for chromato­ 
graphy, and the few attempts to modify them for this purpose 5 - 6 or to develop special 
carbons by electrochemical reduction 7 have failed. This previous work has been re-







Fig. 1. Atomic structures of graphites. Left: Bernal structure of perfect 3-dimensional graphite with 
ABAB-- layer registration. Right: Warren structure of two-dimensional turbostratic graphite with no layer 
registration.
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viewed comprehensively by Knox and Unger8 . We therefore believe that the process 
described by Knox and Gilbert 2 may offer a unique method of producing chromato-
graphic carbons.
The term "graphitised carbon" is widely misused and misunderstood. As noted 
above, "graphitised" generally means that a particular carbon has been heated to a 
temperature in the region of 3000"C in a graphitising furnace. In crystallographic 
terms, the degree of graphitisation of such a carbon may fall within wide limits, 
supposedly "graphitised" carbons ranging from almost amorphous materials to per­ 
fect three-dimensional crystalline graphites. There are, in fact, three distinct forms 
of carbon to which the term "graphitised" can reasonably be applied and which have 
well-defined crystal structures. Two of these forms are shown in Fig. 1. The Bernal 
structure of perfect three-dimensional graphite9 as shown in Fig. 1 consists'of layers 
of carbon atoms, organized in a hexagonal array and ordered ABABAB---. This 
form of graphite is termed hexagonal graphite. A second, rarer form of three-dimen­ 
sional graphite, the Lipson and Stokes form, also exists, but here the layers are 
ordered ABCABC---. This is termed rhombohedral graphite 10 . In both crystalline 
forms the layer spacing is 3.354 A and the atomic spacing within the layers is 1.42 
A. Perfect graphite is rarely formed synthetically from amorphous solid carbon, since 
the bonding between the carbon atoms within the graphitic planes is extremely strong, 
while the interlayer bonding is weak. Thus, graphitisation tends to develop by the 
formation of graphitic sheets which are initially randomly oriented. The reorganiza­ 
tion of these sheets into ordered three-dimensional graphite requires such a high 
activation energy that formation of three-dimensional crystalline graphite is generally 
impossible below 3000°C. Thus, most synthetic carbons, when heated to about 
3000°C, assume the second structure shown in Fig. 1. This is a two-dimensional 
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Fig. 2. Published X-ray diffractograms of various carbons, showing different degrees of crystallinity (see 
refs. 15 and 16).
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two-dimensional graphites the layer spacing is slightly greater than in three-dimen­ 
sional graphites at 3.40-3.43 A, and the atomic spacing within the layers is slightly 
less. Two-dimensional graphites are often said to have a turbostratic structure, a 
term first coined by Warren 11 in referring to graphitised carbon blacks. Glassy car­ 
bons, when heated to high temperatures, appear to assume a similar structure, except 
that, unlike carbon blacks, which are composed of loosely aggregated colloidal units. 
high-temperature glassy carbons are thought to be made up of intertwined graphitic 
ribbons 12 . At an early date, Franklin 13 discussed the problem of two-phase graphites 
and the process of graphitisation and concluded that many carbons consisted of 
mixtures of amorphous and graphitic crystallites. She also distinguished between 
"hard" and "soft" carbons, depending upon whether they could be readily graphi­ 
tised or were difficult to graphitise. However, it appears that at that time the dis­ 
tinction between three-dimensional and two-dimensional graphites was not well 
understood. In general, turbostratic, two-dimensional graphites are not converted 
into three-dimensional graphites below 3000°C.
While three-dimensional graphites rarely arise from heating amorphous solid 
carbons, they can nevertheless arise by high-temperature pyrolytic deposition from 
organic vapours in the gas phase 14 . Presumably, properly oriented layers are laid 
down in the first place, and no reorganization is required.
Fig. 2 shows X-ray diffraction patterns of various carbons, taken from the 
literature 15 - 16 . The X-ray diffractogram of true graphite (topmost tracing) shows a 
range of sharp (hkl) reflections and, in particular, a prominent 101 reflection of 
greater intensity than the 100 reflection. The small angular spread of the reflections 
indicates relatively large crystallites (see below). As the degree of graphitisation de­ 
creases, the (hkl) reflections first become diffuse and then disappear altogether, leav­ 
ing only the (hkO) and (001) reflections, which are characteristic of two-dimensional 
graphites. A good example is the tracing for "high-temperature pyrographite" which 
gives only a 002 peak (not shown), a 004 peak, and a typical asymmetric 100 peak. 
In such materials, the 002 and 004 reflections occur at slightly lower angles than in 
true 3-dimensional graphites, indicating that the graphitic planes are slightly further 
apart (3.40-3.43 A, compared to 3.354 A). The tracings in the lower part of Fig. 2 
show that glassy carbon, as produced at 500°C, possesses no structure and gives only 
very diffuse reflections at about 20° and possibly at 40-50°. As the material is heated, 
these diffuse reflections become sharper, and by 3000°C they have become the 002, 
004, and 100 reflections of two-dimensional graphite. The X-ray diffractogram of 
glassy carbon heated to 3000°C is almost identical to that of "high-temperature pyro- 
carbon" but with wider peaks indicating smaller crystallites.
Fig. 3 shows X-ray diffractograms of a number of so-called graphitised car­ 
bons, along with the ungraphitised carbon black Vulcan®. These diffractograms were 
obtained with the equipment employed for the main part of the X-ray study reported 
below. Ungraphitised Vulcan black (Cabot Corporation) shows a relatively wide 
reflection at 25° and a second, more diffuse reflection at 45°. With heating, these 
peaks become narrow and move to higher angles into the positions of the 002 and 
100 peaks for graphitised carbon black, as shown at the top of Fig. 3. This diffrac­ 
togram of GCB shows the symmetrical 002 and 004 reflections and the unsymmetrical 
100 reflection, which is characteristic of two-dimensional graphites. Carbon fibre 
shows less extensive two-dimensional graphitisation, as indicated by the wider and






^Graphite" Insulation i 










Fig. 3. X-ray diffractograms of commercial carbons, obtained in this study.
less symmetrical 002 and 004 reflections. In this tracing there is slight evidence of 
some three-dimensional graphitisation, as shown by the blip at the position expected 
for the 101 reflection. Electrode graphite gives a much sharper 002 reflection, super­ 
imposed on a broad, amorphous background reflection, and shows definite evidence 
of a 101 peak, superimposed on a wide unsymmetrical 100 peak. This material ap­ 
pears to have a significant proportion of three-dimensional crystallites within an 
otherwise amorphous or two-dimensional graphitic matrix. Finally, "graphite fur­ 
nace insulation", supplied in the form of a felt, shows only slightly more graphitisa­ 
tion than does Vulcan carbon black.
The angular widths of X-ray reflections, discounting instrumental broadening, 
gives useful information about crystallite size. In the case of graphites the width of 
the 002 and 004 reflections (usually measured at half the maximum peak height) give 
an indication of the mean stack height of the graphitic planes, while the width of the 
(100) reflection indicates the mean diameter of the graphitic sheets. The relationship 
was originally derived by Scherrer 17 :
L = MfB cos (1)
where L is the crystallite dimension, A is the wavelength of the X-rays, B is the peak
width in radians, 9 is the Bragg angle of reflection, and k a constant around unity.
There has been considerable discussion as to the best value for k ls ~ 20 . For the
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002 reflection, 0.84 is thought to be an optimum value, while for the unsymmetrical 
100 peak, Biscoe and Warren 20 advocate a value of 1.84. Using these values, a typical 
stack height in a graphitised carbon black (uppermost tracing in Fig. 3) would be 
about 50 A, and a typical plate diameter about 100 A. These values correspond to 
crystallites having about 15 graphitic layers with about 3000 C-atoms in each layer.
EXPERIMENTAL
Equipment, materials, and methods
Thermogravimetric analysis was carried out with a Stanton Redcroft TG770 
thermogravimetric analyser (Stanton Redcroft, London, U.K.). Scanning electron 
microscopy was carried out on a Cambridge Instruments type 604 stereoscan instru­ 
ment (Cambridge Instruments, Cambridge, U.K.) fitted with a Praktica LC camera. 
Samples of PGC were deposited on aluminium stubs and coated with gold to prevent 
accumulation of charge. The coating was carried out with an E5100 coating unit 
(Polaron Equipment). Transmission electron microscopy and electron diffraction 
were carried out using a JEOL 200-CX instrument (JEOL UK, Colindale, London, 
U.K.) at Cambridge University. The instrument, operated at 200 keV, was fitted with 
a top-entry goniometer stage, modified to enable the specimens to be moved parallel 
to the incident beam (z-lift), as described by Thomas et al. 21 . Under the operating 
conditions used, it had a resolution of 2.4 A. Specimens for examination were de­ 
posited from a suspension in acetone onto carbon "holey" films. Only particles posi­ 
tioned over the holes were imaged under high resolution.
X-ray diffraction was carried out on a Philips powder diffractometer (Pye 
Unicam, Cambridge, U.K.). Samples on slide holders were loaded by an automatic 
sample changer (type PW 1170/02). The goniometer (type PW 1050/80) was mounted 
on a highly stabilized X-ray generator (PW 1130/10) that provided Cu Kal>2 radiation 
of a mean wavelength of 1.5418 A. Angular scanning was by a motor control unit, 
type PW 1394. Detection was by a channel control unit, type PW 1390, and fed to 
a pen recorder, Type PM 8203. Normally, a scan rate of 0.5°/min was used (in 26 
units) with a time constant setting of 4.
High-temperature treatment of PGC up to 2500°C was carried out by the 
Atomic Weapon Research Establishment (Aldermaston, U.K.), by Carbon Lorraine 
(Gennevilliers, France), and by Dr. C. Jenkins (Department of Metallurgy, Univer­ 
sity of Swansea, U.K.). Samples were generally heated slowly in argon from ambient 
temperature to 2500°C over a period of several hours.
The rocking autoclave used in the preparation of the silica gel template was 
designed and constructed by C. W. Cook & Sons (Birmingham, U.K.) and was rated 
to 300 bar at 400°C; it had a 2-1 capacity.
The furnace used to pyrolyse the silica-polymer particles in the preparation of 
PGC could heat up to 2 1 of material to 1100°C in a rotating monel tube. The tube 
could be purged with nitrogen through a rotary seal. The furnace was designed and 
constructed by Carbolite Furnaces (Bamford Mill, Sheffield, U.K.).
Liquid chromatography was carried out using laboratory-assembled compo­ 
nents from a variety of sources. Pumps used were an Altex Model 110 (Beckman 
RIIC, High Wycombe, U.K.), a Kontron Model 410 (Kontron Intertechnique, St. 
Albans, U.K.) and a Du Pont chromatographic pump, Type 861001 (Du Pont, Hitch-
10 .1 II. KNO.X. B. KAl.R.G. R MILLWARI)
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J-'iu. 4. Scanning electron micrographs ol" PGC'. Upper: spherical particle of PGC: black band represe 
_ //in. Lower: high magnification of surface: white horizontal line represents 400 nm.
nts
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in. t ! .K.). [Selectors used were a Cecil Model 212 UV specirophoiomeler (Cecil In­ 
struments. Cambridge. U.K.land a Kratos Model 773 UV spectrophotometer (Spec- 
iros International. Urmiston. Manchester. U.K.). Injection was by a Rheodyne valve 
(Shandon Southern Products. Runcorn. U.K.) C'olumns were from Shandon South­ 
ern Products and were 100 mm long. 5 mm bore. PGC was packed using a Shandon 
slurry packer at 100 bar. Both the slurry support liquid and the follower liquid were 
acetone. It was important to use ANALAR-grade or HPLC-grade solvents for col­ 
umn packing because of the strong adsorption by PGC of any high-molecular-weight 
impurities. Columns were normally operated at 1 mlmin with pressure drops of 
50 75 bar.
Chemicals used in the preparation of PGC were BDH ANALAR Reagents 
(BDH. Poole. U.K.). HPLCeluents were obtained from Rathburn Chemicals (Walk- 
erburn. U.K.). ODS Hypersil was obtained from Shandon Southern Products.
BET surface areas were measured using a laboratory-constructed instrument.
Pore volumes were determined by a laboratory-constructed low-pressure (up 
to 30 bar) mercury porosimeter or by liquid titration.
Preparation <>/ PGC
The template required for the production of PGC should be a well-bonded 
silica gel of high porosity. The spherical silica gel was specially prepared and had a
l-'iu. 5. Scanning electron micrograph ol sample of "needles", separated from spheres of PGC: horizontal 
while line represents 40 um.
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Fig. 7. X-ray diffractograms of PGC 201 (2600°C) with and without needles present.
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pore volume of 1.4 cm 3 /g with a specific surface area of 50 m 2 /g. The mean particle 
diameter was 7 //m. This template was impregnated with a melt of phenol and hex- 
amine in a 6:1 weight ratio. The impregnated material was heated gradually to 150°C 
to form phenol-formaldehyde resin within the pores of the silica gel. This silica- 
polymer was then heated slowly to 900°C in a stream of oxygen-free nitrogen in a 
specially designed rotary furnace. Approximately 50% of the weight of the polymer 
was thereby lost, and the density of what remained was increased to about 2 g/cm 3 . 
The silica-carbon particles were then treated with hot aqueous potassium hydroxide 
to dissolve the silica template. Dissolution of silica was determined with a Stanton 
Redcroft TG770 thermogravimetric analyser to be at least 99% complete. The re­ 
maining porous glassy carbon had a BET surface area of 450-600 m2/g and a pore 
volume of 2.0 cm 3 /g, corresponding to a particle porosity of about 80%. This carbon 
was then heated to 2500°C in oxygen-free argon. The final carbon had a surface area 
of about 150 m 2 /g and a pore volume similar to that of the carbon before high- 
temperature treatment. The carbon retained the spherical form and the particle size 
of the original silica template. The scanning electron micrographs in Fig. 4 clearly 
show the spherical shape of the particles and their sponge-like structure.
After high temperature firing, most samples of PGC contained needle-like or 
spine-like structures with lengths of a few micrometres and diameters of around 1 
nm. An example of some needles separated from spherical particles is shown in Fig. 




Fig. 6 shows diffractograms of a number of carbons which have been proposed 
for use in chromatography. "Pyrocarbon on silica" was prepared by Colin and Gui- 
ochon22 by deposition from benzene vapour at ^308C into the pores of silica gel.
TABLE I







































































* The bracketted figure in designation of PGC gives the highest temperature in *C to which the 
PGC was heated. PC on BP = pyrocarbon on Black Pearls, kindly supplied by Dr. H. Colin, Ecole 
Polytechnique, Palaiseau, France.
** Constant k = 0.86 in eqn. 1. 
*** Constant A- = 1.84 in eqn. 1.
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EM of PGC 64 ( 2340- C )
axis of need-le'
[0011
EM of ngraphitized"needle ( 2500° C )
l-'ig. S Transmission electron micrographs. Upper Spherical particle of PGC. Lower: "Needle", showing 
Iwmnnm.
I'OKOI S \IMII I K ( \KK<>\ |\
••p\n»L.nkn) »M lilack Pearls" was similark prepared using Black Pearls ia carbon 
black) as (he Mippoi (ins: siruclure. Neither material shows significant kiranhitrsalion 
.nul. indeed, (he tracing lor the "Pyrocarbon on HP" shows the expected diffuse 
rellections of a carbon black (Fig. 3). The still wider reflections for "Pyrocarbon on 
Mhca gel" are analogous to those oflow-temperalure glassy carbon (Fig. 2). Neither 
o! these materials gave satisfactory chromatograms in liquid chromatograpln".
"Carbon lor Catalysis" was an active carbon which had been treated at a hmh
In:. 4. F.lcciron dill'ractoerams of PGC. Upper: sample, as prepared al IOOOT Lower al'ier heainii: u> 
25H() = C. slnnsiiii: 002 and other dillVactions.
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Fig. 10. Electron diffractogram of "needle", showing twinning.
temperature by a proprietary process. It shows two-dimensional graphitisation, but 
the rather wide asymmetric 002 peak characteristic of a material with a relatively 
high proportion of amorphous material. "Carbopack" from which needles have been 
removed shows a more symmetrical 002 reflection, indicating good graphitisation 
—but its width suggests that the crystallites are small. Both PGC64 and PGC212 
show narrower 002 reflections, indicating good graphitisation with larger crystallites. 
When needles are present in "Carbopack" and PGC, additional 002 and 004 reflec­ 
tions are present, as well as 101 reflections. This is illustrated more clearly in Fig. 7.
Fig 11. High-resolution electron micrograph of plate or needle, heated to 2500°C
I'OKOl S (.R MM 11 MC (AKHON IN I (
The add.t.onal peaks indicate that the material containing needles consists of two 
d.simct phases. The needles appear to he three-dimensional pyrolytic araphite while 
the spherical, porous particles are two-dimensional graphite with t'he wider l-spadim 
ol about 3.40 A. Olten. a shoulder is seen on the 002 reflection of PGC samples 
heated above 2000T. We believe that this shoulder arises from a small proportion 
ol needles in these samples.
Fypieal crystallite sixes from some PGC samples are given in Table I. The
Hi-. 12 Hiuh-ivsolulion electron microuraph?. of PCiC t'ppcr: PGC'. as prcpiircd .11 1000'C Limcr. .ilier
I II KNOX. H K,\I ! R. (i R Mil | W\R|)l.s
r\si illnc ^i/ 1-'^ >"'c i)P lca ' lor t^o-dmicnsional graphites ami are comparable to the 
thickness of the connecting bridges in the sponge-like PGC structure. These ma\ he 
estimated 10 be aboul 100 A on the basis of a surface area of IN) m : g.
I la iruii ilitti'tu. nan din/ tr</iiM>n*M(>n <•/<'< iron nut-r<>.\< <>/>\'
I IL!. * slums transmission electron micrographs of a spherical particle of PGC 
jiul dl'a "needle" I he porous nalure ol PGC contrasts uiih the much denser struc­ 
ture of the needle. I he needle shou s clear e\ idence of tuinnmg u ith an angle between 
ihe lasers ol ;iboul 4V. 1'ig. *•) shous luo electron dillractogranis of the spherical 
paniculate material, the upper of PGC healed to I()()0°C, the lower of material heated 
to 25(K) C The presence of the 002 band and the increased sharpness of the diffrac­ 
tion patterns m the latter are consistent with the evidence from X-ray analysis which 
indicate laser ordering during high-temperature treatment. The lower diffractogram 
clear!) shous the crystal spacing of two-dimensional graphite. Fig. 10 shows the 
electron ditVraetogram from a needle. The two sets of reflections correspond to two 
sets of crxstal planes at an angle of 47°. in complete agreement with the transmission 
electron micrograph of Fig. 8.
Fig. 1 I shows high-resolution electron micrography (HREM) of a fragment of 
a pyroKtic carbon needle. The graphitic layers are clearly visible. Fig. 12 shows 
HRFM of PGC'. The upper part shows the totally amorphous structure of the ma­ 
terial, heated only to 1000°C, while the lower part shows the high degree of two- 
dimensional graphitisation of PGC after heating to 2500°C. Particularly notable are 
the straight, parallel lines, indicating ordered graphitic sheets, and the sharp angles 
at which the "booklets" of sheets meet. Also seen are a number of rounded corners 
and several groups of curved or bent sheets. There is also some evidence of surface
l-'iu. I.V Midi-resolution electron micrograph ol' Carbopack B. a typical graphiti/ed carbon black
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defects Fig. 12 should be compared with Fig. 13, which shows HREM of graphitised 
carbon black. Again, one notes flat sheets, meeting at well-defined angles, rounded 
corners, and bent or distorted sheets. The degree of two-dimensional graphitisation 
shown in Fig. 12 and 13 are very similar. However, there is a striking difference 
between the two: Fig. 13 shows that graphitised carbon black is made up of colloidal 
particles which are not interconnected, whereas Fig. 12 shows that PGC is in the 
form of a continuous structure in accord with our original intention in developing 
a template method for producing PGC.
HREM of PGC shows that the crystallites comprise tens of layers of graphitic 
sheets, thus giving stack heights of 30-60 A, in agreement with the X-ray evidence 
cited in Table I. The widths of the sheets appear somewhat greater than their thick­ 
nesses.
Conclusions from X-ray analysis and electron microscopy
From the foregoing, a number of firm conclusions can be drawn regarding the 
nature and structure of PGC:
(1) PGC heated to 2500°C is a two-dimensional graphitised carbon.
(2) PGC heated to 2500°C has an atomic structure almost identical to that of 
a graphitised carbon black, but its structure at a colloidal level (i.e. > 1000 A) is quite 
different. PGC has a sponge-like form, whereas GCB is made up of loosely aggre­ 
gated colloidal particles.
(3) PGC, when heated only to 1000°C, is totally amorphous, but HREM clear­ 
ly shows its sponge-like structure.
(4) On heating PGC from 1000 to 2500°C, pyrolytic deposition of carbon 
needles takes place, presumably from organic vapours liberated just above 1000°C, 
rather than from evaporation of carbon itself. The atomic arrangement in these
PGC PGC 77 ODS Hypersil
1 I I
0 12 10 
minutes
30 20 10 
minutes
Fig. 14. Comparative chromatograms, showing separations on good and bad samples of PGC (Eluent: 
methanol-water, 95:5). Peaks: I = phenol; 2 = anisole; 3 = /7-cresol; 4 = phenetole; 5 = 3,5-xylenol. 
Fig. 15. Separation of mixture of Fig. 14 on ODS Hypersil (methanol-water, 60:40). Peaks as in Fig. 14.







Fig. 16. Separations of methylbenzenes on PGC64 (methanol-water, 95:5) and on ODS Hypersii 
(methanol-water. 70:30). Peaks: 1 = benzene; 2 = toluene; 3 = m-xylene: 4 = /?-xylene; 5 = o-xylene; 

















Fig. 17. Separations of monofunctional derivatives of benzene on PGC64 (methanol-water, 90:10) and 
on ODS Hypersii (methanol-water, 70;30).
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needles is that of a three-dimensional crystalline graphite. Whereas the spheres of 
PGC are highly porous, the needles have no porosity.
(5) For chromatographic purposes, the needles, having no significant surface 
area, are of no value and should, if possible, be removed or, preferably, their for­ 
mation should be avoided. The chromatographically useful particles are those of the 
porous two-dimensional graphite.
(6) The original intention of producing a porous graphite of adequate surface 
area and appropriate structure for chrornatography has been achieved.
Liquid chromatographv: typical separations
Figs. 14-22 show illustrative chromatograms on PGC. Figs. 15-19 show com­ 
parisons of separations on PGC and ODS Hypersil.
One of the problems encountered in the production of PGC for liquid chro­ 
rnatography is illustrated in Fig. 14. Satisfactory batches of PGC, such as PGC64, 
show well-shaped peaks with good plate efficiency, whereas unacceptable batches, 
such as PGC77, show tailed peaks and higher capacity factors. Comparing the two 
chromatograms, it is particularly noted that the peaks for the ethers, anisole and 
phenetole, are more strongly retained relative to the phenols on PGC77, and that the








16 12 8 •0 10 
minutes
J
Fig. 18. Separations of acids on PGC64 and ODS Hypersil (acetonitrile-water. 90:10). Peaks: I 
acid; 2 = o-toluic acid; 3 = salicylic acid.
2 0 
benzoic
Fig. 19. Separations of amines on PGC64 (methanol-water, 95:5) and on ODS Hypersil (methanol-water, 
70:30). Peaks: 1 = aniline; 2 = pyridine; 3 = 2-methylpyridine; 4 = methylaniline; 5 = dimethylaniline; 
6 = ethylaniline; 7 = diethylaniline; 8 = benzylamine.
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neak for phenetole is badly tailed. It appears that the unacceptable material arises 
when traces of oxidation can occur, either during the pyrolysis to 1000°C or during 
the subsequent heating above 1000°C.
Fig. 15 shows the separation of the same mixture on ODS Hypersil. It is noted 
that the selectivity with regard to phenols vs. ethers is different, although the order 
within each group is the same. On ODS Hypersil, the ethers are more retained rel­ 
atively to phenols than on PGC.
Fig. 16 shows comparative separations of methylbenzenes. Attention is drawn 
to the reversal of the order of elution of m-xylene and o~ plus p-xylenes. The elution 
order for carbon has been explained by Kiselev and Yashin 23 on the basis that when 
0-xylene and /?-xylene are adsorbed onto the flat graphitic surface, four carbon atoms 
contact the surface (two from the methyl groups and two from the ring) whereas 
with w-xylene only three atoms contact the surface (two from the methyl groups and 
one from the ring). A similar order reversal is noted with 135 and 124 trimethylben- 
zenes. In addition, PGC shows a greater spread of retention than does ODS Hypersil.
Fig. 17 compares separations of a range of singly substituted benzenes. Again, 
similar peak symmetry and plate efficiencies are observed, but significant differences 
in elution order. In particular, solutes 4 and 7-10 appear much later on PGC, whereas 
5 and 6 appear later on ODS. The more strongly retained solutes on PGC are those 
with the greater number of C, N and O atoms in the functional groups. Fig. 18 shows 
comparative separations of some acids, again showing different selectivities. From 
PGC, the acids are eluted in the order of molecular weight.
Fig. 19 illustrates the superior performance of PGC when used for the sepa­ 
ration of amines. Whereas ODS Hypersil gives tailed peaks for several of the solutes, 
no tailing is observed with PGC. Tailing on ODS silica is presumably due to the 
effect of residual silanol groups. This is confirmed by the late elution of the most 





Fig. 20. Separation of simple analgesics on PGC64 (methanol-water-acetic acid, 94:5:1).




20 15 10 5 0 
minutes
Fig. 21. Separation of analgesics on PGC64 (methanol-water, 95:5).
Figs. 20 and 21 show separations of typical analgesic mixtures on PGC.
Fig. 22 illustrates an aspect of LC on PGC which is likely to be of great 
importance in the future. A column of PGC after long use became deactivated so 
that the retention of solutes was much reduced. The column was stored for several
0206 
minutes
Fig. 22. Deactivation and reactivation of PGC64. From left to right: column, as originally tested with 
methanol-water (95:5); column, after becoming deactivated; column, after reactivation by washing with 
dioxane. Solutes as for Fig. 14.
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months and was subsequently eiuted with pure dioxane, whereupon the original ac­ 
tivity returned. This observation leads to some important conclusions.
Firstly, if PGC becomes deactivated, it can generally be reactivated by washing 
with a suitable solvent. This makes it clear that the deactivation observed must have 
been due to the adsorption of some high-molecular-weight impurity in the eluent. 
Accordingly, it is important when using PGC that the eluents contain no traces of 
plasticisers, etc., and it is probably desirable to include a precolumn before the ana­ 
lytical column to avoid contamination. Secondly, we note that, even when deacti­ 
vated, PGC provides excellent peak shape. Controlled deactivation of PGC by the 
preadsorption of high-molecular-weight additives may thus provide an important 
method of modifying its adsorption characteristics. It may be nottd that it is probably 
impossible to derivatise the graphitic surface of PGC, which is made up of a totally 
aromatic sheet of carbon atoms. Pre-adsorption of long-chain additives provides the 
nearest equivalent to the chemical bonding method so widely used with silica gel.
In general, it is noted from the examples just given that, for roughly equal 
degrees of retention, eluents for PGC contain high proportions of the organic com­ 
ponent (90-100%), whereas eluents for ODS silica contain considerable proportions 
of water (around 50%). Evidently, the very strong retention by PGC may be a dis­ 
advantage when eluting molecules of high molecular weight. However, as with silica 
gel, the addition of a strongly adsorbed modifier can be used to reduce and modify 
this activity. Accordingly, we anticipate that by adsorbing long-chain molecules, 
bearing different functional groups, it will be possible not only to control the degree 
of retention by PGC but also to modify the selectivity of PGC in novel ways. Ex­ 
tensive work in this area has been carried out on modifications of GCB for use in 
GC by adsorption of small quantities of high-molecular-weight modifiers 24 - 25 .
Conclusions —Chromatographic
(1) PGC acts as a strong hydrophobic adsorbent in LC.
(2) PGC can be operated under typical HPLC conditions of pressure and flow- 
rate.
(3) Spherical PGC (7 //m) gives peak sharpness (number of plates) very similar 
to a typical bonded silica gel.
(4) PGC requires eluents containing a higher proportion of organic compo­ 
nents than does ODS-bonded silica gel; typically 95% methanol compared to 50% 
methanol.
(5) PGC gives good peak shapes forelution of a wide range of monofunctional 
benzenes (phenols, ethers, acids, and amines) and for some simple analgesics.
(6) PGC can be deactivated by prior adsorption of high-molecular-weight ad­ 
ditives.
CONCLUSION
PGC is a two-dimensional graphite with a unique sponge-like structure which 
gives it good mechanical strength, adequate for HPLC, while maintaining an ad­ 
equate surface area (around 150 m 2 /g) and porosity (around 80%). PGC has unique 
chromatographic properties, being the only truly hydrophobic adsorbent. It shows 
strong retention of simple organics and novel stereoselectivity. It gives chromato- 
grams of high efficiency.
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ABSTRACT FOR 10th ISCLC, San Francisco, 19-23 May 1986
ELUOTROPIC RELATIONSHIPS FOR POROUS GRAPHITIC CARBON
by John H. Knox and Bulvinder Kaur
Wolfson Liquid Chromatography Unit, Department of Chemistry, University of
Edinburgh, West Mains Road, Edinburgh, UK.
The concept of an eluotropic series has proved to be of great value in 
understanding the eluting power of solvents when used with oxide-based 
adsorbents such as silica gel and alumina. It is widely held that there 
exists a corresponding eluotropic series for carbon which is the 
reverse of that for the oxide adsorbents.
We have examined eleven common eluents with a wide range of solutes 
of different functionality and with three homologous series in order to 
determine the relevance of the eluotropic concept to porous graphitised 
carbon (PGC).
The following results have been obtained:
(1) The total range of eluotropic strength using the Snyder scale is only 
about 0.2 units for PGC compared to about 1.0 units for the oxide adsorbents.
(2) The order of elution strengths of the eleven solvents depends markedly 
upon the solute or functional group used to determine the elution strength.
(3) The strongest solvents are those whose eluotropic strength for 
oxide adsorbents lie in the middle of the range, while solvents with 
extreme eluotropic strengths, such as methanol, acetonitrile and hexane 
are weak solvents on PGC.
(4) For a given solute type (e.g. an acid, an alcohol or a base etc.), 
peak symmetry depends markedly upon the eluent used. Thus the optimum 
eluent for any separation has to be chosen on the basis both of the eluotropic 
strength of the solvent and the peak symmetry which it provides.
Our results lead to the following general conclusions:
(1) The main assumption made by Snyder in applying the surface displacement 
theory to oxide adsorbents does not hold when applied to PGC.
(2) There is no unique eluotropic series for carbon, and broadly speaking the 
strong solvents on carbon are not the weak solvents on the oxide adsorbents.
(3) The concept of an eluotropic series for carbon is not of much use in 
guiding the selection of eluent.
Some guidelines for the selection of optimum eluents are discussed 
and have been applied to particular separation problems including the 
separations of paracetamol metabolites in urine, of hop acids, and of aromatic 
ammo acids.
